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Preface 


In  this  book  we  survey  classical  and  cutting-edge  methods  for  studying  wound  healing  and 
regeneration.  Expert  scientists,  bioengineers,  and  physicians  explain  useful  technologies, 
models,  techniques,  and  critical  new  areas  and  approaches  to  clinical  and  commercial  trans- 
lation of  research.  We  build  on  the  excellent  foundation  provided  by  the  2003  publication 
on  wound  healing  in  the  Methods  in  Molecular  Medicine  series  edited  by  Drs.  Luisa  DePietro 
and  Aime  Burns.  In  our  volume,  cellular  and  molecular  methods,  genetic  approaches,  sur- 
gical techniques,  clinical  advances,  drug  discovery  and  delivery  modalities,  animal  and 
humanized  models,  and  new  applications  in  the  treatment  of  pathological  wounds  are  cov- 
ered in  a  variety  of  organs  and  tissues.  The  33  chapters  are  divided  among  sections  on  tissue 
engineering  and  stem  cell-based  approaches  to  wound  healing,  skin,  corneal,  and  cardiovas- 
cular models  of  injury  repair,  nonmammalian  models,  and  pertinent  aspects  of  commercial- 
ization and  intellectual  property.  Most  chapters  contain  step-by-step  methodological 
descriptions,  a  detailed  list  of  materials,  and  an  exclusive  collection  of  personal  tips  or 
"Notes"  that  the  authors  feel  critical  to  success  in  their  technique.  Instructive  diagrams  and 
informative  color  photographs  also  accompany  the  chapters.  Experienced  professionals  in 
the  wound  healing  commercial  space  also  provide  fresh  insight  on  biotechnology  startups, 
intellectual  property,  and  the  patent  process.  This  compendium  should  enable  students, 
trainees,  established  basic  and  clinical  researchers,  biomedical  engineers,  and  entrepreneurs 
to  efficiently  apply  the  trove  of  knowledge  that  has  been  compiled  here  by  some  of  the 
foremost  experts  in  wound  healing  today.  In  this  way,  we  intend  that  the  reader  might  dis- 
cover and  translate  new  knowledge  in  the  field  of  wound  repair  and  regeneration. 

Tereance  A.  Myers  received  her  doctorate  from  Tulane  University  in  New  Orleans,  LA,  and  did 
postdoctoral  studies  in  Wound  Healing  Biology  at  the  Medical  University  of  South  Carolina. 
Dr.  Myers  currently  works  as  an  Assistant  Professor  of  Pharmaceutical  Sciences  at  Massachusetts 
College  of  Pharmacy  and  Health  Sciences  in  Worcester/Boston,  MA. 

Robert  G.  Gourdie  received  his  doctorate  from  the  University  of  Canterbury  in  New  Zealand  and 
did  postdoctoral  studies  in  connexin  biology  at  University  College  London,  UK.  Dr.  Gourdie  is 
currently  Professor  and  Director  of  the  Center  for  Heart  and  Regenerative  Medicine  at  the  Virginia 
Tech  Carilion  Research  Institute  and  Director  of  Research  for  the  Department  of  Emergency 
Medicine  at  the  Carilion  Clinic,  Roanoke,  Virginia.  He  is  also  Professor  in  the  Wake  Forest  Virginia 
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Chapter  1 


An  In  Vivo  Model  System  for  Evaluation  of  the  Host 
Response  to  Biomaterials 

Brian  Sicari,  Neill  Turner,  and  Stephen  F.  Badylak 


Abstract 

We  describe  an  in  vivo  model  system  designed  to  evaluate  the  host  response  to  implanted  biomaterials: 
The  partial  thickness  rat  abdominal  wall  defect  model.  The  model  allows  for  determination  of  the  temporal 
and  spatial  distribution  of  the  cellular  and  vascular  response,  the  remodeling  of  the  implanted  material  and 
surrounding  host  soft  tissue,  and  the  function  of  the  remodeled  tissue  over  time. 

Key  words  Soft  tissue  reconstruction,  Biomaterials,  Abdominal  wall  defect 


1  Introduction 

The  fields  of  regenerative  medicine,  tissue  engineering,  polymer 
science,  and  biomaterials  continue  to  develop  novel  scaffold  mate- 
rials, many  of  which  attempt  to  facilitate  a  constructive  host  tissue 
remodeling  response  following  implantation.  Naturally  occurring 
and  synthetic  biomaterial  scaffolds  with  and  without  cellular  com- 
ponents are  currentiy  being  developed  and  evaluated  in  botii  pre- 
clinical and  clinical  settings  [1-3].  A  well-recognized  sequela 
following  implantation  is  the  foreign  body  inflammatory  response. 
Strategies  to  alter  the  acute  and/or  chronic  inflammatory  host 
response  involve  modifications  to  existing  biomaterials  or  develop- 
ment of  new  materials.  Such  strategies  and  materials  require  a  reli- 
able in  vivo  test  system.  The  partial  thickness  rat  abdominal  wall 
defect  model  discussed  in  this  chapter  allows  for  a  systematic  evalu- 
ation of  the  host  response  to  an  implanted  test  article. 

The  successful  development  and  clinical  translation  of  novel 
biomaterials  or  scaffolds  requires  a  thorough  understanding  of 
their  elicited  in  vivo  biological  responses.  Biocompatibility  reflects 
the  interaction  between  biomaterials  and  host  tissue.  Its  assessment 
is  one  of  the  critical  concerns  in  biomaterials  research  and  required 
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by  the  FDA  [4-6].  Biocompatibility  refers  to  both:  (a)  biosafety, 
which  refers  to  an  appropriate  host  response  lacking  toxicity,  muta- 
genesis, and/or  carcinogenesis,  and  (b)  biofunctionality,  which  is 
the  ability  of  the  biomaterial  to  perform  its  intended  task  [7,  8]. 
The  partial  thickness  rat  abdominal  wall  defect  model  discussed  in 
this  chapter  allows  for  a  systematic  evaluation  of  a  biomaterial's 
biocompatibility  in  terms  of  the  nature  of  the  elicited  host  response 
and  the  biomaterial's  constructive  remodeling  potential. 


1.1  Default 
Mammalian  Injury 
Response  Versus 
Constructive  Tissue 
Remodeling 


The  default  mammalian  response  to  injury  is  highly  conserved 
among  tissue  types  and  occurs  in  three  overlapping  yet  distinct 
phases:  the  inflammatory  phase,  the  proliferative  phase,  and  the 
remodeling  phase  [9].  The  inflammatory  phase  occurs  immedi- 
ately after  tissue  damage  and  is  marked  by  activation  of  the  coagu- 
lation cascade  and  the  subsequent  influx  of  innate  inflammatory 
cells  that  facilitate  the  removal  of  cellular  debris  and  infection  pre- 
vention. Specifically,  hemostasis  is  achieved  through  the  deposition 
of  a  provisional  fibrin  matrix  which  acts  as  a  scaffold  for  infiltrating 
neutrophils  and  macrophages  [10].  The  proliferative  phase  is  char- 
acterized by  angiogenesis  as  well  as  the  migration,  proliferation 
and  differentiation  of  different  cell  types  [11,  12].  During  the 
remodeling  phase  macrophages  and  endothelial  cells  are  subject  to 
apoptosis  while  fibroblasts  and  myofibroblasts  produce  and  deposit 
a  collagenous  extracellular  matrix.  This  relatively  acellular  fibrous 
matrix  is  the  precursor  of  scar  tissue  which  typically  replaces  site 
appropriate  functional  tissue  within  the  injury  site. 

In  contrast,  host  constructive  tissue  remodeling  is  a  process  by 
which  the  default  healing  response  to  injury  is  modified  from  one 
that  results  in  scar  tissue  formation  to  one  that  results  in  the  forma- 
tion of  site  appropriate  functional  tissue.  Mechanisms  behind  a  con- 
structive remodeling  response  to  injury  include  the  participation  of 
an  activated  host  progenitor  cell  population  and  a  predominant 
M2/Th2  restricted  immune  response  among  others  [13-15]. 

The  implantation  of  a  biomaterial  has  the  potential  to  signifi- 
cantly alter  the  default  mammalian  response  to  injury.  For  example, 
following  injury  and  implantation,  biomaterials  are  able  to  affect: 
hemostasis  and  provisional  matrix  formation;  the  phenotype  of 
infiltrating  inflammatory  cells;  host  cell  migration,  proliferation, 
and  differentiation;  as  well  as  fibrosis  and  fibrous  capsule  develop- 
ment [7,  8].  The  manner  in  which  the  injury  response  is  altered 
depends  on  the  biomaterial's  origin  and  composition,  contact 
duration,  degradation  rate,  surface  structure,  cellularity,  size,  and 
implantation  site  among  others  [5,  7,  8]. 

Implantation  of  nondegradable  synthetic  or  chemically  cross- 
linked  biomaterials  typically  intensifies  the  host's  inflammatory 
response  to  injury  and  leads  to  a  foreign  body  reaction  (FBR)  and 
an  increased  deposition  of  scar  tissue  [16,  17].  During  a  FBR  per- 
sistent inflammatory  stimuli,  such  as  the  continual  presence  of  a 
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nondegradable  biomaterial,  lead  to  chronic  inflammation  and  the 
formation  of  multinucleate  foreign  body  giant  cells  [18].  Foreign 
body  giant  cells  are  formed  through  the  fusion  of  macrophages 
located  at  the  surface  of  the  biomaterial  and  further  exacerbate  the 
host's  inflammatory  response  through  a  process  known  as  "frus- 
trated phagocytosis"  and  the  associated  production  of  reactive 
oxygen  intermediates  and  pro-inflammatory  cytokines  [19,  20]. 
A  FBR  typically  results  in  the  deposition  of  a  50-200  ^m  thick 
collagenous  capsule  surrounding  the  implant  [21,  22].  This  dense 
accumulation  of  fibrous  tissue  confines  the  implant  and  prevents 
integration  with  the  surrounding  tissue. 

While  the  implantation  of  nondegradable  synthetic  scaffolds 
intensifies  the  host's  default  fibrotic  response  to  injury,  the  implan- 
tation of  degradable  biologic  scaffolds  composed  of  xenogeneic 
extracellular  matrix  (ECM)  results  in  constructive  tissue  remodel- 
ing [23,  24]  (Fig.  Id).  Stated  differently,  the  implementation  of  a 
properly  decellularized  and  non-cross-linked  ECM  scaffold  modi- 
fies the  default  host  response  to  tissue  injury  and  results  in  site 
appropriate  and  functional  tissue  replacement. 


1.2  Role  of 
Macrophages  in 
the  Host  Response 


Macrophages  play  a  pivotal  role  in  the  host  response  to  biomate- 
rial implantation.  In  fact,  macrophage  depletion  prevents  the 
degradation  of  naturally  occurring  biologic  scaffolds  in  vivo  [25]. 
Macrophages  have  been  shown  to  respond  to  many  different 
implanted  biomaterials,  including  those  composed  of  metals  [26], 
ceramics  [27],  polymers  [28],  and  biologic  proteins  such  as 
collagens  and  xenogeneic  ECM  [25,  29].  As  stated  above, 
macrophage  mediated  foreign  body  giant  cell  formation  and  pro- 
inflammatory cytokine  production  are  frequently  associated  with 
the  implantation  of  nondegradable  or  synthetic  biomaterials. 
However,  several  recent  studies  suggest  that  macrophages  can 
facilitate  constructive  and  site-appropriate  tissue  remodeling  in 
response  to  biomaterial  implantation  [25,  30].  The  phenotype  of 
responding  macrophages  has  been  found  to  be  an  important 
determining  factor  in  the  success  of  an  implanted  biomaterial  and 
its  ultimate  remodeling  outcome  [13,  14]. 


1.2. 1  Macrophage 
Heterogeneity 


Macrophages  are  a  plastic  cell  population  capable  of  acquiring 
diverse  phenotypes.  They  can  be  classified  as  either  classically  acti- 
vated and  pro-inflammatory  (Ml)  or  alternatively  activated  and 
immunomodulatory  (M2)  [31].  Classically  activated  macrophages, 
designated  Ml  after  the  Thl/Th2  nomenclature,  produce  pro- 
inflammatory cytokines  and  reactive  oxygen  intermediates;  and  are 
responsible  for  pathogen  lolling,  cell  clearance,  and  the  general 
propagation  of  a  pro-inflammatory  response  [32].  Alternatively 
activated  macrophages,  designated  M2,  deposit  collagen;  produce 
anti-inflammatory  cytokines;  and  facilitate  tissue  remodeling  and 
repair  [33].  Although  histologically  indistinguishable,  Ml  and  M2 
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Synthetic  scaffold  Biologic  scaffold 


Inflammation  &  encapsulation  Constructive  tissue  remoldeling 

Fig.  1  Schematic  of  the  partial  thickness  abdominal  wall  defect  procedure  showing  preparation  of  the  rat 
abdominal  wall  (a);  the  defect  site  (b);  a  cross-sectional  diagram  of  the  abdominal  wall  following  test  article 
implantation  (c);  and  an  example  of  gross  morphology  depicting  an  encapsulation  versus  constructive  tissue 
remodeling  host  response  (d) 


macrophages  can  be  identified  and  distinguished  by  their  species 
specific  and  distinct  cytokine,  gene  expression,  and  cell  surface 
marker  profiles  [34,  35]. 

The  role  of  a  heterogeneous  host  macrophage  response  to 
injury  has  recently  been  reviewed  [36].  Immediately  following 
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acute  skeletal  muscle  injury,  pro-inflammatory  cytokines  polarize 
responding  host  macrophages  towards  a  predominant  Ml  pheno- 
type.  To  facilitate  appropriate  skeletal  muscle  regeneration,  a  shift  in 
macrophage  polarization  takes  place  and  after  approximately  3  days 
macrophages  within  the  injury  site  display  a  predominant  M2  phe- 
notype  [14].  Furthermore,  when  an  M2  macrophage  response  is 
inhibited,  the  host  injury  response  is  characterized  by  a  severe  lack 
of  muscle  regeneration  and  an  accentuation  of  inflammation  and 
necrosis  [37].  In  the  context  of  biomaterial  implantation,  recent 
studies  have  shown  that  a  predominant  M2  macrophage  response 
to  degradable  biologic  scaffolds  is  associated  with  a  constructive 
remodeling  outcome.  Conversely,  a  predominant  Ml  response  typ- 
ically correlates  with  a  FBR,  the  presence  of  foreign  body  giant 
cells,  and  a  poor  remodeling  outcome  in  nondegradable  biologic 
scaffolds  [14,  25].  In  this  regard,  it  is  possible  that  the  remodeling 
outcome  of  an  implanted  biomaterial  may  be  predicted  based  on 
the  host's  immune  response  and  the  phenotype  of  responding  mac- 
rophages. The  partial  thickness  rat  abdominal  wall  defect  model 
described  in  this  chapter  allows  for  the  systematic  evaluation  of  the 
host  response  to  biomaterials.  The  model  permits  the  examination 
of  the  temporal  and  spatial  distribution  of  the  cellular  response;  the 
presence  of  a  FBR;  the  phenotype  of  responding  macrophages;  the 
remodeling  of  the  implanted  material  and  surrounding  host  tissue; 
and  function  of  the  remodeled  tissue  over  time. 


1.3  Experimental 
Design  Considerations 
for  In  Vivo  Models 
of  Biomaterial 
Implantation 


The  term  biomaterial  encompasses  a  diverse  range  of  products  and 
materials.  Devices  composed  of  such  biomaterials  are  designed  for 
a  similarly  diverse  range  of  clinical  uses.  As  a  result  a  number  of  in 
vivo  models  have  been  developed  to  evaluate  the  safety  and  bio- 
compatibility  of  biomaterials.  Some  of  these  models  are  designed 
to  evaluate  specific  aspects  of  a  biomaterial  or  clinical  use,  such  as 
mechanical  strength,  biodegradability,  or  chemical  leaching  of 
materials  designed  for  use  in  the  cornea  [38]  or  dura  mater  [39]. 
However,  general  compatibility  and/or  safety  studies,  and  those 
investigating  the  host  response,  typically  utilize  either  a  subcutane- 
ous [40,  41]  or  intramuscular  [42,  43]  implantation  model. 


1.3. 1  Selection 
of  a  Model 


In  vivo  studies  are  a  required  element  for  FDA  certification  of  a 
biomaterial  [6].  In  addition,  agencies  such  as  the  FDA  and  its 
worldwide  counterparts,  have  established  a  series  of  standard  refer- 
ence experiments  with  which  to  evaluate  biomaterial  safety.  These 
preclinical  tests,  such  as  the  USP  implantation  test,  British  stan- 
dard implantation  test,  and  ISO  10993  implantation  test,  typically 
use  rabbits  as  the  animal  model  [44].  However,  it  is  increasingly 
becoming  common  for  rodents,  particularly  rats,  to  be  used  as  a 
pre-evaluation  model  prior  to  undertaking  the  required  reference 
studies. 
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The  rat  subcutaneous  and  intramuscular  implantation  models 
present  an  ideal  environment  for  evaluating  the  host  response  to 
biomaterials.  Implantation  of  devices  at  these  sites  is  relatively 
straight  forward  requiring  only  basic  surgical  skill.  Both  models  also 
easily  facilitate  the  use  of  multiple  sites  along  the  host  allowing  dif- 
ferent materials  to  be  evaluated  in  the  same  animal.  In  addition,  the 
subcutaneous  and  muscle  tissues  are  highly  vascularized  allowing  a 
rapid  host  response  to  the  implanted  test  article.  Both  models  also 
allow  for  a  range  of  study  designs  to  be  investigated,  from  short  term 
degradation  and  biochemical  studies  to  long  term  remodeling  and 
functional  outcome  studies.  The  partial  thickness  rat  abdominal  wall 
defect  model  does,  however,  have  a  number  of  advantages  over 
other  intramuscular  and  subcutaneous  models.  The  partial  thickness 
model  is  particularly  suited  for  long  term  studies  up  to  2  years  in 
duration  since  the  material  implant  can  be  more  securely  anchored 
to  the  surrounding  host  tissue.  This  ability  to  be  securely  anchored 
to  surrounding  muscle  tissue  also  makes  this  model  more  suitable 
for  mechanical  testing  and  evaluation  of  function,  particularly  of 
degradable  and  ECM-based  scaffolds  designed  to  be  replaced  with 
functional  host  tissue  over  time.  The  subcutaneous  model  is  more 
suitable  for  shorter  term  studies  and  for  nondegradable  materials 
due  to  the  risk  of  implant  migration  within  the  tissue. 

1.3.2  Size  of  Biomaterial  In  addition  to  selecting  the  most  appropriate  implantation  site 
another  important  consideration  is  the  size  of  the  implanted  device. 
Tissue  reaction  to  implanted  devices  can  be  elicited  by  the  material 
directly  or  by  substances  that  may  be  contained  within  the  material 
as  a  consequence  of  the  manufacturing  process.  For  example  a 
material  that  is  chemically  pure  but  does  not  resorb  will  not  mark- 
edly affect  the  surrounding  host  tissue  environment  whereas  a  bio- 
degradable material  will  release  degradation  products  that  will 
influence  the  surrounding  host  tissue.  Similarly  impurities  such  as 
plasticizers,  preservatives,  and/or  stabilizers  may  leach  from  the 
biomaterial  causing  the  surrounding  host  tissue  to  react.  The 
dimensions  of  the  material  will  in  part  determine  the  contribution 
of  these  components  to  the  host  response.  If  the  implanted  device 
is  too  small,  particularly  with  biodegradable  materials,  the  degra- 
dation may  be  so  rapid  that  the  surrounding  tissue  does  not  have 
sufficient  time  to  respond  to  the  implant  in  a  reliable  and  repro- 
ducible manner.  Similarly,  if  the  implant  device  is  too  big,  it  may 
cause  irritation  of  the  surrounding  tissues  promoting  a  heightened 
inflammatory  response  that  is  not  representative  of  the  true  host 
response  to  the  biomaterial  but  a  consequence  of  the  mechanical 
stimulation.  For  biocompatibility  studies  it  is  therefore  best  to  uti- 
lize implants  that  will  induce  minimal  mechanical  effects  upon  the 
surrounding  host  tissue,  but  which  still  allow  an  appropriate  host 
response.  For  example  it  has  been  observed  that  while  a  particulate 
(i.e.,  comminuted)  version  of  a  material  may  prove  biocompatible, 


Host  Response  to  Biomaterials  9 


a  large  film  of  the  same  material  can  promote  carcinogenesis  [45]. 
As  a  result,  for  the  partial  thickness  rat  abdominal  wall  defect 
model,  the  recommended  size  of  the  implant  is  between  lxl  cm 
and  2x2  cm. 

1.3.3   Duration  of  Depending  on  the  properties  of  the  biomaterial  to  be  tested  a 

Biomaterial  Implantation  range  of  sacrifice  intervals  may  be  required  to  fully  understand  and 
characterize  the  host  response  to  the  implant.  Nondegradable 
materials,  by  their  very  nature,  do  not  usually  promote  the  con- 
structive remodeling  of  the  defect  site  into  site  appropriate  tissue; 
indeed,  a  chemically  pure,  nondegradable  material,  will  illicit  little 
response  from  the  tissue  other  than  the  standard  foreign  body 
response.  As  such,  studies  of  these  types  of  material  longer  than  28 
days  would  provide  little  additional  information  about  the  host 
response  since  the  foreign  body  reaction  will  largely  be  completed. 
In  addition,  the  acute  inflammatory  response  generated  by 
implanted  biomaterials  generally  peaks  within  the  first  7  days 
following  implantation  before  gradually  decreasing  [5,8].  Similarly, 
the  polarization  of  macrophages  and  the  switch  from  a  pro- 
inflammatory Ml  phenotype  to  a  remodeling  M2  phenotype  again 
occurs  within  the  first  2-4  days,  with  the  clearest  differences  in 
host  response  being  detected  between  days  7  and  14  [14,  36]. 
However,  longer  term  studies  may  be  useful  in  measuring  changes 
in  the  mechanical  strength  of  the  biomaterial  implant  in  response 
to  die  tissue  microenvironment. 

For  biodegradable  materials  or  scaffolds  derived  from  naturally 
occurring  materials  such  as  extracellular  matrix,  the  replacement  of 
these  materials  with  site  appropriate  tissue  is  an  essential  compo- 
nent inherent  in  their  design.  As  a  consequence,  long  term  implan- 
tation studies  are  essential  in  evaluating  a  scaffolds  ability  to 
promote  constructive  tissue  remodeling.  Typically,  the  construc- 
tive remodeling  of  the  defect  site  does  not  fully  become  apparent 
until  the  scaffold  material  has  completely  degraded.  The  degrada- 
tion products  of  these  scaffold  materials  are  the  stimulus  to  attract 
tissue  resident  or  circulating  stem  and  progenitor  cells,  stimulate 
angiogenesis,  and  promote  an  M2  macrophage  response  [14,  46, 
47].  While  early  sacrifice  points,  up  to  14  days,  will  allow  the  study 
of  die  host  immune  response  to  the  biomaterials,  time  points  less 
than  28  days  will  provide  little  information  about  the  potential  of 
these  materials  to  promote  constructive  tissue  remodeling. 
Depending  on  the  degradation  properties  of  the  biomaterials  being 
studied  sacrifice  points  of  6  months  to  1  year  may  be  required  to 
allow  sufficient  time  for  the  material  to  degrade  and  for  the  con- 
structive remodeling  response  to  reach  equilibrium.  Time  points 
between  28  days  and  6  months  allow  the  constructive  remodeling 
response  to  be  monitored  and  the  temporal  and  spatial  changes 
associated  with  the  remodeling  process  to  be  assessed,  which  is 
particularly  important  when  comparing  biomaterials  with  similar 
compositions  but  different  structural  properties. 
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1.3.4  Evaluating  the  Host 
Response  to  a  Biomaterial 

Evaluation  of  the 
Host  Response 


The  partial  thickness  rat  abdominal  wall  defect  model  allows  for 
the  systematic  evaluation  of  die  host  response  to  biomaterial 
implantation.  Hematoxylin  and  Eosin  or  Masson's  trichrome  tri- 
chrome  stained  histology  sections  from  the  biomaterial -host  tissue 
interface  can  provide  a  semiquantitative  examination  of  the  host 
response.  Histomorphologic  analysis  reveals  (a)  the  rate  of  bioma- 
terial degradation,  (b)  amount  and  spatial  distribution  of  host  cell 
infiltration,  (c)  the  presence  or  absence  of  foreign  body  giant  cells 
and  fibrous  encapsulation,  (d)  vascularity  of  the  remodeled  tissue, 
(e)  muscle  ingrowth,  and  (f)  the  degree  of  organization  of  the 
replacement  tissue  [17].  With  appropriate  immunolabeling,  the 
phenotype  of  macrophages  responding  to  a  biomaterial  scaffold 
may  also  be  evaluated.  An  early  favorable  host  response  would 
show  a  predominant  M2  macrophage  cellular  infiltrate  along  with 
the  absence  of  foreign  body  giant  cells.  At  later  time  points,  bioma- 
terial degradation  and  host  mediated  deposition  of  organized  tis- 
sue along  with  muscle  ingrowth  and  the  lack  of  fibrous  encapsulation 
would  be  indicative  of  a  favorable  host  response. 


Evaluation  of  Constructive 
Tissue  Remodeling 


Constructive  tissue  remodeling  is  a  process  by  which  the  default 
host  scarring  response  to  injury  is  modified  and  instead,  results  in 
the  formation  of  site  appropriate  and  functional  tissue.  Following 
the  implantation  of  a  biomaterial  scaffold,  constructive  tissue 
remodeling  in  the  partial  thickness  rat  abdominal  wall  defect  model 
would  result  in  functional  abdominal  wall  musculature.  At  all  time 
points,  the  model  allows  for  the  evaluation  of  site  appropriate  con- 
structive remodeling  through  the  immunolabeling  of  the  remod- 
eled tissue  for  markers  of  soft  tissue  differentiation.  The  presence 
of  fast  and  slow  muscle  fibers  along  with  blood  vessels,  and  nerve 
fibers  within  the  remodeled  tissue  are  indicative  of  site  appropriate 
skeletal  muscle.  Functionally  innervated  and  vascularized  skeletal 
muscle  should  also  be  able  to  contract.  The  abdominal  wall  defect 
model  allows  for  the  systematic  evaluation  of  functional  construc- 
tive remodeling  through  the  examination  of  the  in  situ  contractile 
force  generated  by  the  remodeled  tissue  [24]. 


2  Materials 


2.1   Partial  Thickness 
Rat  Abdominal 
Wall  Defect  Model 

2. 1. 1   Surgical  Procedure 


1.  Sprague-Dawley  rats  weighing  300-500  g. 

2.  Isoflurane  (2  %  in  02). 

3.  Betadine. 

4.  4-0  prolene  or  similar,  nonabsorbable  suture. 
5.3-0  Vicryl,  or  similar,  resorbable  suture. 

6.  Heating  pad. 

7.  Appropriate  analgesia  such  as  0.01-0.05  mg/kg  Buprenorphine 
Hydrochloride. 
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2. 1.2  Euthanasia 
and  Sample  Harvest 


2.2  Histomor- 
phologic  Analysis 

2.3  Immunolabeling 
Studies 

2.3.1  Macrophage 
Phenotype 


2.3.2  Vascularity 
and  Innervation 


1.  Isoflurane  (5  %  in  02). 

2.  Cork  board  for  pinning  the  explanted  tissue. 

3.  10  %  neutral  buffered  formalin. 

4.  Paraffin. 

1.  Hematoxylin  and  Eosin  staining  materials. 

2.  Masson  Trichrome  staining  materials. 

1.  Primary  Antibodies. 

(a)  Goat  anti-CD206. 

(b)  Rabbit  anti-CCR7. 

(c)  Mouse  anti-CD68. 

2.  Secondary  Antibodies 

(a)  Alexa  Fluor  350  anti-mouse. 

(b)  Alexa  Fluor  488  anti-goat. 

(c)  Alexa  Fluor  568  anti-rabbit. 

3.  Xylene. 

4.  Ethanol. 

5.  Citric  Acid  (pH  6.0). 

6.  Tris  buffered  saline  (pH  7.4). 

7.  Blocking  Buffer:  2  %  horse  serum,  1  %  bovine  serum  albumin, 
0.1  %  Triton-X,  and  0.1  %  Tween  20  in  TBS. 

8.  Draq5  in  TBS. 

1.  Xylene. 

2.  Ethanol. 

3.  1  mM  EDTA  (pH  8.0). 

4.  Phosphate  buffered  saline  (pH  7.0). 

5.  Blocking  solution:  2  %  normal  horse  serum  and  2  %  normal 
bovine  serum. 

6.  Primary  Antibodies. 

(a)  Rabbit  anti-CD31. 

(b)  Mouse  anti-beta-III  tubulin. 

7.  Secondary  Antibodies 

(a)  Biotinylated  anti-rabbit. 

(b)  Biotinylated  anti-mouse. 

8 .  Horseradish  peroxidase  detection  solution. 

9.  Diamino benzidine. 

10.  Hematoxylin  counter  staining  materials. 
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2.3.3  Myofibers 


2.4  Functional 
Testing 

2.4.1  In  Situ  Contractile 
Force  Testing 


1.  Xylene. 

2.  Ethanol. 

3.  Citric  Acid  (pH  6.0). 

4.  Tris  buffered  saline  (pH  7.4). 

5.  PBS. 

6.  0.1  %  trypsin  and  0.1  %  calcium  chloride  in  TBS. 

7.  Blocking  Buffer:  2  %  normal  horse  serum  and  2  %  normal 
bovine  serum  in  TBS. 

8.  Antibody  solution:  2  %  normal  horse  serum  and  2  %  normal 
bovine  serum  in  TBS. 

9.  Primary  Antibodies: 

(a)  Mouse  anti-slow  myosin. 

(b)  Alkaline  phosphatase  conjugated  anti-fast  myosin. 

10.  Secondary: 

(a)  Biotinylated  anti-mouse. 

(b)  Alkaline  phosphatase  detection  substrate. 

11.  Mouse  horseradish  peroxidase  detection  solution. 

12.  Diamino benzidine. 

13.  Hematoxylin  staining  materials. 

1.2%  Isoflurane  in  02. 

2.  70  %  Ethanol. 

3.  Silk  sutures. 

4.  Platinum  electrodes. 

5.  Force  transducer. 

6.  Analog  to  digital  data  acquisition  card. 

7.  LabVIEW  software. 

8.  S88X  Grass  stimulator. 


2.4.2  In  Vitro 
Contractile  Force  Testing 


1.  Krebs'  buffer  (121.0  mM  NaCl,  5.0  mM  KC1,  0.5  mM  MgCl2, 
1.8  mM  CaCl2,  24  mM  NaHC03,  0.4  mM  NaH2P04,  and 
5.5  mM  glucose,  pH  7.4)  oxygenated  with  95  %  oxygen  and 
heated  to  37  °C. 

2.  Organ  bath  (Radnoti  glassware). 

3.  Platinum  field  stimulating  electrodes. 

4.  S88X  Grass  stimulator. 

5 .  Data  recording  system. 

6.  C02  for  euthanasia. 
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7.  70  %  Ethanol. 

8.  Non-stretching  suture  (e.g.,  silk  or  stainless  steel). 

9.  Micropositioning  mounting  bracket. 


3  Methods 

3.1  Partial  Thickness  The  partial  thickness  rat  abdominal  wall  defect  is  created  as  previ- 
Rat Abdominal  Wall  ously  described  by  Badylak  et  al.  [48].  Sprague-Dawley  rats  weigh- 
Defect Model  ing  300-500  g  can  be  purchased  from  Charles  River  Laboratories 

(Wilmington,  Massachusetts)  or  similar  vendors.  Animals  are  then 
housed  in  standard  cages  and  receive  food  and  water  ad  libitum. 
The  housing  environment  is  maintained  at  a  temperature  of 
68-76  °F.  All  procedures  described  are  performed  in  accordance 
with  the  National  Institutes  of  Health  guidelines  for  care  and  use 
of  laboratory  animals. 


3.1.1    Surgical  Procedure        1.  Animals  are  anesthetized  with  2  %  isoflurane  in  oxygen 

(see  Note  1). 

2.  Prepare  the  ventral  abdomen  by  clipping  or  shaving  (Fig.  la) 
and  scrub  with  Betadine  (povidone-iodine)  before  placing 
sterile  drapes  around  the  surgical  site  (see  Note  2). 

3.  Make  a  ventral  midline  abdominal  incision  through  the  epider- 
mis and  bluntly  dissect  the  dermis  and  subcutaneous  tissue 
from  the  underlying  muscle  tissues  on  one  side  of  the  midline 
for  a  distance  of  approximately  4  cm  to  the  anterior  axillary 
line,  thus  exposing  the  oblique  musculature  while  leaving  the 
epidermis  (see  Note  3). 

4.  Retract  the  incision  in  the  ventral  midline  of  the  abdomen  to 
expose  the  ventral  lateral  abdominal  wall  adjacent  to  the  linea 
alba,  including  the  musculotendinous  junction  of  the  abdomi- 
nal wall  musculature. 

5.  Excise  a  1.5  cm  X  1.5  cm  partial  thickness  defect  consisting  of 
the  internal  and  external  oblique  layers  of  the  abdominal  wall 
musculature  while  leaving  the  underlying  transversalis  and 
peritoneum  intact  (Fig.  lb).  Uniformity  of  the  defect  size  and 
shape  is  ensured  by  implanting  test  articles  with  a  fixed  size  and 
shape  in  each  animal. 

6.  Replace  the  defect  with  a  1.5  cm  X  1.5  cm  piece  of  the  bioma- 
terial  being  tested  (Fig.  lc). 

7.  Place  a  single  interrupted  4-0  prolene  or  similar,  nonabsorb- 
able suture  at  each  of  the  four  corners  of  the  test  article  to 
secure  the  biomaterial  to  the  adjacent  abdominal  wall  muscu- 
lature. Suturing  the  test  article  to  the  native  adjacent  muscula- 
ture subjects  it  to  a  physiologic  mechanical  load  while  allowing 
the  demarcation  of  the  implant  upon  necropsy  (see  Note  4). 
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3. 1.2  Euthanasia 
and  Sample  Harvest 


3.2  Histomor- 
phologic  Analysis 


3.3  Immunolabeling 
Studies 

3.3. 1  Macrophage 
Phenotype 


8.  Close  the  skin  using  3-0  Vicryl,  or  similar,  resorbable  suture  in 
an  interrupted  fashion  and  allow  the  animal  to  recover  from 
anesthesia  on  a  heating  pad. 

9.  Each  animal  should  receive  appropriate  analgesia  such  as  0.01- 
0.05  mg/kg  Buprenorphine  Hydrochloride  immediately  post- 
operatively and  for  at  least  2  days  afterward.  In  addition,  a 
prophylactic  broad  spectrum  antibiotic  may  also  be  given  such 
as  2-3  mg/kg  gentamicin  {see  Note  5). 

On  the  predetermined  sacrifice  date,  each  animal  is  anesthetized 
using  isoflurane  (5  %  in  oxygen)  and  then  euthanized  by  intracar- 
diac injection  of  saturated  potassium  chloride  to  induce  cardiac 
arrest  prior  to  implant  harvest. 

1 .  Following  euthanasia,  make  a  ventral  midline  incision  through 
the  epidermis  and  bluntly  dissect  the  dermis  and  subcutaneous 
tissues  from  the  underlying  musculature. 

2.  Explant  the  full  thickness  abdominal  wall  containing  the 
implant  site  (corners  demarcated  by  the  sutures)  along  with  a 
small  amount  of  adjacent  native  tissue. 

3 .  In  order  to  preserve  its  native  tissue  morphology,  pin  the  explanted 
tissue  to  a  corkboard  and  fix  in  10  %  neutral  buffered  formalin 
before  standard  paraffin  embedding  and  histological  processing. 

For  histomorphologic  analysis,  tissue  sections  are  stained  with 
either  Hematoxylin  and  Eosin  or  Masson's  trichrome  trichrome 
before  coverslipping.  Semiquantitative  Histomorphologic  analysis 
reveals  (a)  the  rate  of  biomaterial  degradation,  (b)  amount  of  host 
cell  infiltration,  (c)  the  presence  or  absence  of  foreign  body  giant 
cells  and  fibrous  encapsulation,  (d)  vascularity  of  the  remodeled 
tissue,  (e)  muscle  ingrowth,  and  (f)  the  degree  of  organization  of 
the  replacement  tissue  [17].  Depending  on  the  time  point  selected 
for  analysis,  different  criteria  may  be  used  to  generate  a  histological 
score  of  the  tissue.  An  example  of  a  histomorphological  scoring 
system  can  be  seen  in  Tables  1  and  2.  Histological  scoring  should 
be  performed  by  at  least  three  investigators  who  are  blinded  to  the 
nature  of  the  implant  being  tested.  Statistical  analysis  should  be 
performed  using  a  suitable  nonparametric  test  such  as  Fisher's 
exact  test,  Mann-Whitney  Latest,  or  Kruskal-Wallis  test. 

To  determine  the  phenotype  of  macrophages  responding  to  the 
implantation  of  the  test  article,  immuno fluorescent  labeling  of 
markers  known  to  be  strong  indicators  of  Ml  or  M2  macrophages 
can  be  performed.  CCR7  and  CD206  are  often  used  as  markers  of 
Ml  and  M2  macrophages,  respectively,  with  CD68  used  as  a  pan- 
macrophage  marker  in  this  rat  model. 
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Table  1 

Scoring  criteria  for  histomorphologic  analysis  at  14  days  post-implantation 


0 

1 

2 

3 

Cellular  infiltration 

0  Cells  per  HPF 

1-75  Cells  per  HPF 

75-150  Cells 

More  than  150 

score 

per  HPF 

cells  per  HPF 

Multinucleated 

More  than  5 

2-5  Multinucleate 

1  Multinucleate 

No 

giant  cell  score 

multinucleate 

giant  cells  per 

giant  cell  per 

multinucleate 

giant  cells  per 

HPF 

HPG 

giant  cells  per 

HPF 

HPF 

Vascularity 

0—1  Blood  vessels 

2—5  Blood  vessels 

6-10  Blood 

More  than  10 

per  HPF 

per  HPF 

vessels  per  HPF 

blood  vessels 

per  HPF 

Connective  tissue 

Original  scaffold 

Original  scaffold 

Moderately 

Dense,  highly 

organization 

intact 

disrupted,  poorly 

organized 

organized 

organized  new 

connective 

connective 

ECM  present 

tissue  present 

tissue  present 

Encapsulation 

Dense  tissue 

Moderate 

Slight 

No 

encapsulation 

encapsulation 

encapsulation 
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No  degradation 

Scaffold  mostly 
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No  scaffold 

present 

present 

present 

Cell  counts  represent  the  number  of  cells  per  high  power  field  (HPF).  Higher  scores  are  indicative  of  a  more 
positive  constructive  host  remodeling  response 
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Scoring  criteria  for  histomorphologic  analysis  at  35  days  post-implantation 
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ingrowth 

present  in  scaffold 

present  in  center 

present 

of  scaffold 

Encapsulation 

Dense  tissue 

Moderate 

Slight 

No  encapsulation 

encapsulation 

encapsulation 

encapsulation 

Scaffold 

No  degradation 

Scaffold  mostly 

Some  scaffold 

No  scaffold  present 

degradation 

present 

present 

Cell  counts  represent  the  number  of  cells  per  high  power  field  (HPF).  Higher  scores  are  indicative  of  a  more 
positive  constructive  host  remodeling  response 
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1.  Paraffin  embedded  tissue  sections  (5  ^m)  should  be  deparaf- 
finized  with  xylene  and  rehydrated  through  a  series  of  graded 
ethanol  washes. 

2.  Process  slides  for  epitope  retrieval  by  boiling  at  approximately 
98  °C  for  20  min  in  10  mM  citric  acid  (Spectrum  C1285  or 
equivalent),  pH  6.0. 

3.  Allow  the  slides  to  cool  and  then  wash  in  Tris  buffered  saline 
(TBS)  pH  7.4  for  5  min.  Repeat  three  times. 

4.  Perform  blocking  of  nonspecific  antigens  by  incubating  tissue 
sections  in  2  %  horse  serum,  1  %  bovine  serum  albumin,  0.1  % 
Triton-X,  and  0.1  %  Tween  20  in  TBS  for  1  h  at  room 
temperature. 

5.  Incubate  tissue  sections  in  primary  antibodies:  mouse  anti- 
CD68  (1:50);  goat  anti-CD206  (1:50);  and  rabbit  anti-CCR7 
(1:250).  Dilute  in  blocking  buffer  and  incubate  overnight  at 
4°C(j«Note6). 

6.  Wash  slides  in  TBS  for  5  min.  Repeat  three  times. 

7.  Incubate  tissue  sections  in  fluorescently  labeled  secondary  anti- 
bodies: Alexa  Fluor  350  anti-mouse  (1:25);  Alexa  Fluor  488 
anti-goat  (1:200);  and  Alexa  Fluor  568  anti-rabbit  (1:200). 
Dilute  antibodies  in  blocking  buffer  and  incubate  for  1  h  at 
room  temperature. 

8.  Wash  slides  in  TBS  for  5  min.  Repeat  three  times. 

9.  To  stain  nuclei,  incubate  tissue  sections  in  Draq5  (1:500) 
diluted  in  TBS  for  5  min  at  room  temperature  (see  Note  7). 

10.  Wash  slides  in  TBS  for  5  min.  Repeat  three  times. 

1 1 .  Apply  mounting  media  and  coverslip  each  slide  prior  to  imag- 
ing (see  Note  8). 

To  determine  if  the  remodeling  tissue  is  vascularized  and  inner- 
vated, immunohistochemical  labeling  of  CD  31  for  endothelial 
cells  and  beta-Ill  tubulin  for  neurons  is  performed. 

1.  Paraffin  embedded  tissue  sections  (5  ^m)  should  be  deparaf- 
finized  with  xylene  and  rehydrated  through  a  series  of  graded 
ethanol  washes. 

2.  Process  slides  for  epitope  retrieval  by  boiling  at  approximately 
95  °C  for  20  min  in  1  mM  EDTA,  pH  8.0. 

3.  Allow  the  slides  to  cool  and  then  wash  slides  in  phosphate 
buffered  saline  (PBS)  pH  7.0  for  5  min.  Repeat  three  times. 

4.  Perform  blocking  of  nonspecific  antigens  by  incubating  tissue 
sections  in  blocking  buffer:  2  %  normal  horse  serum  and  2  % 
normal  bovine  serum  in  PBS  for  30  min  at  room 
temperature. 


3.3.2  Vascularity 
and  Innervation 
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5.  Incubate  tissue  sections  in  the  primary  antibodies  diluted  in 
blocking  solution.  For  endothelial  cells:  rabbit  anti-CD31 
(1:100);  for  neurons:  mouse  anti-beta-III  tubulin  (1:100). 
Incubate  at  4  °C  overnight. 

6.  Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

7.  In  order  to  quench  endogenous  peroxidase  activity,  incubate 
tissue  sections  in  3  %  H202  in  Methanol  in  for  30  min  at  room 
temperature. 

8.  Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

9.  Incubate  tissue  sections  with  the  secondary  antibody  diluted  in 
blocking  solution.  For  CD31:  biotinylated  anti-rabbit  (1:200); 
for  beta-Ill  tubulin:  biotinylated  anti-mouse  (1:200).  Incubate 
at  room  temperature  for  60  min. 

10.  Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

1 1 .  Incubate  tissue  sections  in  a  horseradish  peroxidase  detection 
solution  for  30  min  at  37  °C. 

12.  Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

13.  Apply  Diaminobenzidine  (DAB)  to  detect  positive  staining  cells. 

14.  Wash  slides  in  water  for  5  min.  Repeat  three  times. 

15.  Counterstain  with  hematoxylin  and  coverslip  prior  to  imaging. 

3.3.3  Myofibers  For  studies  investigating  constructive  remodeling  of  a  biomaterial 

implant,  identification  of  new  skeletal  muscle  tissue  may  be  of 
interest.  To  examine  the  composition  of  any  skeletal  muscle  tissue 
that  has  formed  staining  for  fast  and  slow  myosin  heavy  chains  may 
be  performed  to  identify  fast-twitch  and  slow-twitch  muscle  fibers. 

1.  Paraffin  embedded  tissue  sections  (5  ^m)  should  be  deparaf- 
finized  with  xylene  and  rehydrated  through  a  series  of  graded 
ethanol  washes. 

2.  Process  slides  for  antigen  retrieval  by  boiling  at  approximately 
98  °C  for  20  min  in  10  mM  citric  acid,  pH  6.0. 

3.  Allow  the  slides  to  cool  and  the  wash  slides  in  Tris  buffered 
saline  (TBS)  pH  7.4  for  5  min.  Repeat  three  times  (see  Note  9). 

4.  To  unmask  antigens,  incubate  tissue  sections  in  0.1  %  trypsin 
and  0.1  %  calcium  chloride  in  TBS  for  10  min  at  37  °C. 

5.  Wash  the  slides  in  TBS  for  5  min.  Repeat  three  times. 

6.  Perform  blocking  of  nonspecific  antigens  by  incubating  tissue 
sections  in  blocking  buffer:  2  %  normal  horse  serum  (Vector 
Labs;  S-2000  or  equivalent)  and  2  %  normal  bovine  serum  in 
TBS  for  10  min  at  room  temperature. 

7.  Incubate  tissue  sections  in  first  primary  antibody  diluted  in  4  % 
normal  goat  serum  in  TBS:  mouse  anti-slow  myosin  (1:4,000). 
Incubate  for  30  min  at  room  temperature. 
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3.4  Functional  1 
Testing 

3.4.1   In  Situ  Testing  2 

3 


4 


Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

Incubate  tissue  sections  in  secondary  antibody  diluted  in  4  % 
normal  goat  serum  in  TBS:  biotinylated  anti-mouse  (1:200), 
Incubate  for  60  min  at  room  temperature. 

Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

Incubate  tissue  sections  in  mouse  horseradish  peroxidase 
detection  solution  (Vector;  PK-6100  or  equivalent)  for  30  min 
at  37  °C 

Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

Apply  DAB  to  detect  positive  staining  cells. 

Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

Perform  blocking  of  nonspecific  antigens  by  incubating  tissue 
sections  in  blocking  buffer:  2  %  normal  horse  serum  and  2  % 
normal  bovine  serum  in  TBS  for  10  min  at  room  temperature. 

Incubate  tissue  sections  in  the  second  primary  antibody  diluted 
in  4  %  normal  goat  serum  in  TBS:  alkaline  phosphatase  conju- 
gated anti-fast  myosin  (1:200).  Incubate  for  60  min  at  room 
temperature. 

Wash  slides  in  PBS  for  5  min.  Repeat  three  times. 

Apply  alkaline  phosphatase  detection  substrate  to  detect  posi- 
tive staining  (see  Note  10). 

Counterstain  with  hematoxylin  and  coverslip  prior  to 
imaging. 

Anesthetize  each  animal  with  2  %  isoflurane  in  oxygen  by  inha- 
lation or  equivalent. 

Prepare  the  ventral  abdomen  by  clipping  or  shaving  and  cleanse 
with  70  %  ethanol. 

Create  a  midline  epidermal  incision  and  bluntly  dissect  the 
overlying  fascia  from  the  underlying  body  wall  at  the  site  of  test 
article  implantation  (demarcated  by  the  non-resorbable  marker 
sutures). 

Dissect  a  flap  of  body  wall  tissue  containing  the  remodeled  site 
plus  2  mm  of  adjacent  native  musculature.  Carefully  preserve 
the  origin  and  rib  attachment  of  the  external  oblique  muscle  to 
maintain  blood  flow  and  innervation  to  the  remodeled  test 
article  site.  Isolate  the  tissue  flap  by  removing  the  muscle  fibers 
from  all  remaining  sides  of  the  implantation  site  including  the 
insertion  site  at  the  linea  alba  and  the  underlying  surface  adja- 
cent to  the  transversalis  fascia  and  peritoneum  (Fig.  2). 

Position  the  isolated  tissue  flap  such  that  the  direction  of  the 
muscle  contraction  is  aligned  along  an  axis  from  the  costo- 
chondral  arch  toward  the  linea  alba. 
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Fig.  2  Schematic  of  in  situ  contractile  force  testing.  A  flap  of  tissue  is  created 
which  contains  the  site  of  test  article  implantation.  The  dense  connective  tissue 
of  the  insertion  site  at  the  linea  alba  is  connected  to  the  force  transducer  with  silk 
suture.  Stimulatory  platinum  electrodes  are  placed  across  the  tissue  flap 

6.  Place  platinum  electrodes  across  the  flap  of  tissue  perpendicu- 
lar to  the  direction  of  muscle  contraction  and  at  both  the  prox- 
imal and  distal  ends  of  the  scaffold  placement  site  as  identified 
by  the  Prolene  sutures  (Fig.  2). 

7.  Secure  the  distal  (previous  insertion  end)  tissue  to  a  force  trans- 
ducer with  silk  suture.  An  analog  to  digital  data  acquisition 
receives  signals  from  the  force  transducer.  Custom-designed 
programs  can  be  created  in  LabVIEW  software  to  monitor  and 
record  the  forces  measured  by  the  force  transducer. 

3.4.2  In  Situ-Contractile        1.  Stimulate  the  isolated  tissue  flap  with  a  S88X  Grass  stimulator. 

Force  Testing  Optimum  length  is  determined  as  the  length  at  which  the  max- 

imum twitch  force  is  obtained  using  a  2  ms  pulse  at  50  pulses 
per  second  (pps).  The  maximum  tetanic  force  (Pt-MAX)  for 
the  test  site  (Pt,S)  and  the  contralateral  native  tissue  (Pt,N)  as 
a  function  of  stimulation  rate  is  determined  by  delivering  5, 
10,  15,  20,  30,  40,  60,  and  75  pps  in  1  s  trains  with  2  min  of 
rest  between  each  test. 

2.  Normalize  the  Pt,S  to  Pt,N  and  to  the  native  Pt-MAX  (Pt,N- 
MAX).  The  contractile  force  for  each  stimulation  frequency  is 
then  calculated  for  each  tetanic  force  and  specific  force  is  calcu- 
lated for  Pt-MAX  by  normalizing  with  the  cross-sectional  area 
of  the  tissue. 
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3.4.3  In  Situ-Fatigue  1 .  Determine  the  fatigue  resistance  of  the  tissue  at  the  test  site  by 
Resistance  Testing  comparing  the  force  generated  at  time  t=0  to  t=2  min.  After 

a  5  min  rest  period,  deliver  pulses  at  the  frequency  at  which  the 
forces  plateau  during  the  tetanic  force  testing,  in  trains  of 
330  ms  duration  at  a  rate  of  1  train  per  second,  for  a  total  of 
2  min.  The  Fatigue  Index  is  calculated  as  the  ratio  of  the  resid- 
ual force  at  t=2  to  the  initial  force  at  t=0. 

3.4.4  In  Vitro  Testing  An  alternative  to  in  situ  muscle  testing  is  in  vitro  testing  of  isolated 

muscle  strips  in  a  tissue  organ  bath.  In  vitro  testing  allows  a  more 
extensive  and  precise  quantification  of  muscle  properties  to  be  per- 
formed, although  careful  setup  is  required  to  ensure  that  accurate 
measurements  are  obtained. 

1.  Assemble  the  tissue  organ  bath  following  the  manufacturer's 
instructions  (Radnoti  glassware).  The  system  should  be  filled 
with  Krebs'  buffer  (121.0  mM  NaCl,  5.0  mM  KC1,  0.5  mM 
MgCl2, 1.8  mM  CaCl2,  24  mM  NaHCOs,  0.4  mM  NaH2P04, 
and  5.5  mM  glucose,  pH  7.4)  oxygenated  with  95  %  oxygen 
and  heated  to  37  °C.  The  system  should  be  assembled  and 
allowed  to  equilibrate  for  at  least  2  h  prior  to  starting  the 
experiment  in  order  to  ensure  adequate  oxygenation  and  tem- 
perature stabilization.  A  pair  of  platinum  field  stimulating  elec- 
trodes should  be  secured  within  the  organ  bath  and  connected 
to  an  electrical  stimulator  (S88X).  A  calibrated  force  transducer 
should  be  connected  to  a  data  recording  system. 

2.  Animals  for  in  vitro  muscle  testing  should  be  euthanized  by 
inhaled  C02  (see  Note  11). 

3 .  Prepare  the  ventral  abdomen  by  clipping  or  shaving  and  cleanse 
with  70  %  ethanol. 

4.  Create  a  midline  epidermal  incision  and  blundy  dissect  the 
overlying  fascia  from  the  underlying  body  wall  at  the  site  of  test 
article  implantation  (demarcated  by  the  non-resorbable  marker 
sutures). 

5.  The  body  wall  containing  the  biomaterial  implant  should  be 
carefully  dissected  to  minimize  damage  to  the  muscle  tissue 
within  the  implant  site.  Excessive  pulling  on  the  muscle  or 
touching  of  the  muscle  directly  should  be  avoided.  In  general, 
a  1  cm  border  of  native  tissue  should  be  dissected  with  the 
implant  to  preserve  the  muscle  tissue  as  much  as  possible. 

6.  The  explanted  body  wall  tissue  should  be  gently  stretched  and 
pinned  to  a  dissecting  dish  and  placed  immediately  into  oxy- 
genated Krebs'  buffer  at  24-25  °C  and  allowed  to  equilibrate 
for  10  min. 

7.  Identify  the  orientation  of  the  muscle  fibers  within  the  implant 
site  or  if  unclear  within  the  surrounding  body  wall  tissue. 


Host  Response  to  Biomaterials  21 

A  muscle  strip  should  be  prepared  with  the  muscle  fibers 
running  longitudinally  that  is  approximately  1.5  cm  in  length 
and  between  2  and  4  mm  in  width  (see  Note  12). 

8.  The  muscle  strip  should  be  secured  at  both  ends  with  tissue 
clips  and  placed  between  two  field  stimulating  electrodes 
within  a  50  ml  organ  bath  containing  oxygenated  Krebs'  solu- 
tion. One  end  of  the  muscle  strip  should  be  secured  to  a  force 
transducer,  mounted  in  a  micropositioner  mounting  bracket 
with  non-stretching  suture,  e.g.,  silk  or  stainless  steel. 

9.  Adjust  the  angle  of  the  micropositioner  so  that  the  muscle  strip 
is  running  parallel  to  the  stimulating  electrodes  and  so  that  the 
force  transducer  is  directly  over  the  muscle  strip. 

10.  Raise  the  micropositioner  so  that  the  muscle  strip  is  vertical 
but  not  under  tension.  The  suture  should  have  a  small  amount 
of  slack.  Make  sure  that  there  is  enough  room  to  increase  the 
height  of  the  micropositioner  (at  least  20  mm). 

11.  Determine  the  optimal  voltage  to  produce  a  maximal  twitch 
response  by  stimulating  the  muscle  strips  with  a  0.2  ms  dura- 
tion pulse  at  1  min  intervals  with  increasing  voltage  (0-24  V  in 
1  V  increments)  until  the  twitch  response  reaches  a  maximum 
and  plateaus  (optimal  voltage  is  within  the  plateau  region). 

12.  Determine  the  optimal  muscle  length  by  adjusting  the  preten- 
sion on  the  muscle  through  micropositioner  adjustment.  The 
muscle  should  be  subjected  to  an  initial  pre-tension  of  0.5  g 
and  allowed  to  equilibrate  for  10  min.  Following  equilibration 
the  muscle  strip  should  be  stimulated  with  a  0.2  ms  stimulus  at 
the  optimal  voltage.  Increase  the  tension  using  the 
micropositioner  in  0.05  g  increments,  at  1  min  intervals  until 
a  maximal  twitch  response  is  obtained.  Record  the  optimal 
length  of  the  muscle  strip  using  calipers.  This  optimal  length 
should  be  maintained  throughout  the  rest  of  the  experiment. 

13.  Determine  maximum  isometric  tetanic  contractile  force  by 
stimulating  the  muscle  strip  at  optimal  voltage  and  optimal 
length  with  increasing  stimulus  frequency.  The  muscle  strips 
should  be  stimulated  with  0.2  ms  pulses  at  frequencies  between 
20  and  200  Hz  with  train  duration  of  1.5  s.  A  two  minute  rest 
period  should  follow  each  stimulus. 

14.  Determine  muscle  fatigue  resistance  by  measuring  and  com- 
paring the  force  generated  at  time  t=0  to  t=2  min.  After  a 
5  min  rest  period,  administer  a  constant  train  of  pulses  at  the 
frequency  at  which  the  tetanic  force  plateaued  during  the  iso- 
metric force  testing,  for  a  total  of  2  min.  The  fatigue  index  is 
calculated  as  the  ratio  of  the  residual  force  at  t=2  to  the  initial 
force  at  t=0  (see  Note  13). 
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15.  Immediately  following  the  experiment  record  the  mass  of  the 
isolated  muscle  strip. 

16.  Calculate  the  specific  force  generated  for  each  muscle  strip  by 
dividing  the  muscle  mass  by  the  product  of  optimal  fiber  length 
(Lf)  and  muscle  density  (1.06  mg/mm3).  Optimum  fiber 
length  for  rat  external  and  internal  oblique  muscle  can  be 
obtained  from  a  previously  published  study  [49]  (see  Note  14). 


4  Notes 

1.  Isoflurane  is  known  to  cause  postoperative  immunosuppres- 
sion in  mice  [50].  Although  effects  are  not  known  in  rats, 
injectable  anesthetics  such  as  Ketamine  +  xylazine  may  also  be 
used  if  inhaled  anesthesia  is  unavailable. 

2.  Aseptic  surgical  technique  is  very  important  in  this  model. 
Great  care  must  be  taken  to  prevent  hair  follicles  or  other  con- 
taminants from  compromising  the  implantation  site,  thus 
altering  the  endogenous  host  inflammatory  response. 

3.  This  model  allow  for  the  opportunity  for  bilateral  implantation 
studies  to  be  performed  allowing  two  different  biomaterials  to 
be  evaluated  for  mechanical  properties  in  the  same  animal. 
Care  should  be  taken  when  performing  bilateral  studies  inves- 
tigating host  response  in  case  the  biomaterial  being  used  has 
systemic  effects  on  the  immune  system  which  may  affect  the 
contralateral  implant. 

4.  A  minimal  amount  of  suture  material  placed  only  at  the  corners 
of  the  implant  avoids  eliciting  a  host  response  to  the  suture  that 
would  obscure  the  innate  host  response  to  the  test  article. 

5.  It  is  common  for  rats  to  be  given  an  analgesic  such  as  acet- 
aminophen or  Ibuprofen  in  the  drinking  water.  However,  this 
type  of  analgesia  usually  involves  a  nonsteroidal  anti- 
inflammatory drug  (NSAID).  Since  these  drugs  possess  anti- 
inflammatory properties  they  will  affect  the  host  immune 
response  to  the  implanted  biomaterials  to  a  degree.  As  a  result 
it  is  recommended  that  an  opioid  analgesic  be  given. 

6.  Although  neither  CCR7  nor  CD206  is  independently  specific 
for  macrophages,  in  combination  with  the  pan  macrophage 
marker  CD68  they  provide  a  high  sensitivity  for  detection  of 
Ml  and  M2  polarized  macrophages  in  vivo.  In  addition,  sev- 
eral alternative  markers  for  polarized  macrophages  have  been 
reported  [51].  While  these  may  have  a  higher  specificity  there 
may  also  be  a  contrasting  decrease  in  sensitivity  meaning  that 
not  all  the  macrophages  may  be  detected. 

7.  Draq5  is  a  novel  bisalkylaminoanthraquinone  dye  with  a  high 
affinity  for  DNA.  The  emission  spectrum  for  Draq5  is  in  the 
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deep  red  range  (655-800  nm)  which  may  require  specialized 
filters  to  view.  Alternative  nuclear  stains  may  be  used  but 
may  not  provide  suitable  spectral  separation  to  allow  all  four 
fluorophores  to  be  imaged. 

8.  Certain  antifade  agents  may  alter  the  fluorescent  signal  from 
the  fluorophores,  particularly  when  using  the  range  of  fluoro- 
phores required  in  this  protocol.  We  routinely  use  Dalco 
Fluorescent  mounting  media  without  any  problems.  Similarly, 
if  using  a  non-hardening  mountant,  the  choice  of  sealant  such 
as  nail  varnish,  may  also  cause  quenching  of  the  fluorescent 
signal  due  to  solvents  in  the  sealant  solution. 

9.  It  is  essential  for  this  protocol  that  TBS  be  used  for  preparation 
of  all  buffers  and  blocking  solutions,  since  the  phosphate  in 
PBS  will  quench  the  alkaline  phosphatase  conjugated  to  the 
fast  myosin  antibody. 

10.  Staining  times  should  be  monitored  closely  to  ensure  a  balance 
in  intensity  between  the  red  alkaline  phosphatase  substrate  and 
the  DAB  substrate  while  minimizing  background  staining. 
DAB  staining  should  be  allowed  to  develop  a  darker  brown 
color  than  would  normally  be  expected  since  some  substrate 
will  be  lost  with  the  subsequent  fast  myosin  staining.  Alkaline 
phosphatase  detection  may  take  between  10  and  15  min  to 
develop  an  intense  staining. 

11.  Avoid  injectable  euthanasia  agents  such  as  potassium  chloride 
or  sodium  pentobarbital  which  can  diffuse  into  muscle  tissues 
and  affect  contractile  responses. 

12.  The  mass  of  the  muscle  strip  should  be  less  than  25  mg.  Larger 
muscle  strips  may  develop  an  anoxic  core  and  diminished  func- 
tional output  because  perfusion  by  the  organ  bath  is  insuffi- 
cient to  support  the  metabolic  demands  of  the  muscle. 

13.  A  disadvantage  of  in  vitro  fatigue  testing  is  that  it  does  not 
account  for  issues  relating  to  innervation,  the  neuromuscular 
junction  or  circulation  which  may  all  influence  muscle  fatigue 
in  vivo. 

14.  Calculation  of  specific  force  using  this  method  approximates 
the  true  specific  force  of  the  muscle.  Damage  to  the  muscle 
fibers  as  a  result  of  the  dissection  will  reduce  the  overall  con- 
tractile force  generated  by  the  muscle.  Muscle  strips  can  be 
stained  with  a  0.2-1.0  %  solution  of  Procion  Orange  to  iden- 
tify and  quantify  the  presence  of  damaged  myofibers  [52]. 
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Urothelial  Cell  Culture 

Yuanyuan  Zhang  and  Anthony  Atala 

Abstract 

This  chapter  reviews  the  use  of  urothelial  cells  as  a  means  to  enhance  tissue  regeneration  and  wound 
healing  in  urinary  tract  system.  It  addresses  the  properties  of  urothelial  cells,  including  their  role  as  a  per- 
meability barrier  to  protect  underlying  muscle  tissue  from  the  caustic  effects  of  urine  and  as  one  of  the 
main  cell  types,  along  with  smooth  muscle  cells,  that  are  used  in  urethral  or  bladder  tissue  engineering 
today.  This  description  includes  a  general  overview  of  various  isolation  techniques  and  culture  methods 
that  have  been  developed  to  improve  urinary  tract  reconstruction  in  vivo  and  aid  the  characterization  of 
growth  factor  expression  in  vitro.  The  chapter  then  describes  various  applications  using  urothelial  cells, 
including  production  of  multilayer  urothelial  sheets,  tissue  engineered  bladder  mucosa,  tissue  engineered 
urethra,  and  tissue  engineered  bladder.  It  also  outlines  the  advantages  of  sandwich  and  layered  coculture 
of  these  cells  and  the  effects  of  epithelial-stromal  cell  interactions  during  tissue  regeneration  or  wound 
healing  processes  in  the  urinary  tract. 

Key  words  Urothelial  cells,  Bladder,  Ureter,  Tissue  engineering,  Scaffold,  Urinary  reconstruction, 
Epidermal  growth  factor,  Serum-free  medium 


1  Introduction 

Culture  of  urothelial  cells  (UC)  provides  an  in  vitro  model  system 
to  help  advance  our  understanding  of  the  cellular  mechanisms  of 
urothelial  development  as  well  as  epithelial-stromal  interactions 
and  cell-cell  signaling  in  the  pathogenesis  of  bladder  cancer,  inter- 
stitial cystitis,  and  urinary  tract  infection.  Additionally,  autologous 
UC  provide  a  critical  cell  source  for  urinary  tract  reconstruction 
and  regeneration  using  tissue  engineering  technology. 

The  urothelium  forms  a  barrier  between  urine  and  the  under- 
lying muscle  and  connective  tissue.  It  consists  of  multiple  cell  layers: 
a  basal  layer  containing  progenitor  cells  that  attaches  to  the 
connective  tissue  substratum,  an  intermediate  cell  layer  that  is  one 
to  two  layers  thick,  and  a  superficial  cell  layer  composed  of  highly 
differentiated  umbrella  cells  that  line  the  luminal  surface  of  the 
bladder. 
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A  few  decades  ago,  UC  could  be  harvested  and  maintained  in 
culture  for  limited  periods,  but  their  growth  and  expansion  was 
not  possible.  Their  growth  was  further  hampered  by  inadequate 
media  that  contained  serum,  which  facilitated  fibroblast  over- 
growth. With  improvements  in  culture  technology,  clonal  growth 
of  bladder  and  ureter  UC  has  been  achieved  with  the  development 
of  serum-free  media  and  techniques  which  target  the  basal  cells, 
such  as  scraping  of  the  mucosa,  to  facilitate  harvest.  Additionally, 
the  optimization  of  nutrients  in  the  media,  including  a  reduction 
in  calcium  concentration  and  the  omission  of  serum,  favors  prolif- 
eration and  formation  of  a  monolayer  of  UC  rather  than  differen- 
tiation, which  extends  the  life  of  the  culture  and  permits  serial 
propagation  [1—4].  Recendy,  stratified  urothelial  sheets  and  three- 
dimensional  (3D)  growth  of  urothelial  structures  have  been  gener- 
ated for  urological  tissue  engineering  purposes  [5-7].  Stratified 
urothelial  cell-sheets  can  be  produced  for  potential  use  in  demuco- 
salized  gastrointestinal  flaps  [8-14].  Three  dimensional  urothelial 
structures  can  be  formed  using  a  combination  of  culture  tech- 
niques, i.e.,  coculture  of  UC  and  smooth  muscle  cells  (SMC) 
seeded  on  porous  scaffolds  in  a  bioreactor  under  dynamic  culture 
conditions  [15-18],  and  these  structures  can  potentially  be  used  in 
the  engineering  of  urinary  tract  organs  [8,  17,  19-25]. 


2  Materials 


2. 1  Culture  Medium 
and  Supplements 


1.  Keratinocyte  serum-free  media  (KSFM). 

2.  Recombinant  epidermal  growth  factor  (EGF). 

3.  Bovine  pituitary  extract  (BPE)  Cholera  toxin. 

4.  Soy  Bean  Trypsin  Inhibitor. 

5.  Dispase  II  for  detaching  cell  sheets  from  culture  dishes. 

6.  Collagenase  IV. 

7.  0.2  %  Ethylenediaminetetraacetic  acid  (EDTA). 

8.  0.05  %  Trypsin. 

9.  Dulbecco's  Modified  Eagle's  Medium  (DMEM). 

10.  Fetal  bovine  serum  (FBS). 

11.  Penicillin-streptomycin  solution. 

12.  Peracetic  acid  (PAA). 

13.  Calcium  (CaCl2)  Stock  solution  0.5  M. 

14.  Hank's  Balanced  Salt  Solution  (HBSS). 

15.  A  pair  of  microsurgery  forceps  and  scalpel. 

16.  NIH  3T3  fibroblasts. 

17.  Triton  X- 100. 
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1.  0.20  |im  sterile  filter. 

2.  T25  Primaria  cell  culture  flasks. 

3.  Dynamic  culture  system  with  an  orbital  shaker. 

1.  RNA  isolation  from  cell  cultures  is  performed  using  the  RNA 
isolation  kit  from  5  PRIME  Inc. 

2.  Reverse  transcription  reactions  are  performed  using  a  High- 
Capacity  cDNA. 

3.  Transcription  Kit. 

4.  Primers  for  uroplakin  la  and  III,  CK7,  CK  13,  CK  20,  were 
designed  and  purchased  from  Eurofins  MWG  Operon. 

5.  Taq  DNA  Polymerase. 

6.  PCR  buffer. 

7.  dNTPs. 

8.  ddH20. 

9.  Agarose. 

10.  PCR  tubes. 

11.  Thermocycler. 

12.  System  for  electrophoresis  of  PCR  products. 

1.  RIPA  buffer,  composed  of  50  mM  Tris-HCl  pH  7.4, 150  mM 
NaCl,  2  mM  EDTA,  1  %  NP-40,  0.1  %  SDS. 

2.  SDS-PAGE  gels,  10-12.5  %  polyacrylamide. 

3.  lOx  TGS  running  buffer. 

4.  Transfer  buffer  (48  mM  Trizma  Base,  39  mM  Glycine,  20  % 
methanol  pH  9.2). 

5.  Transfer  apparatus. 

6.  PVDF  membranes. 

7.  Blocking  solution  (5  %  nonfat  dry  milk  powder  (Carnation)  in 
Tris  Buffered  Saline  with  Tween20  (TBST). 

8.  Washing  solution  (TBST). 

9.  Antibodies  to  uroplakin  la  and  III,  CK7,  CK  13,  CK  19,  CK 
20,  a-smooth  muscle  actin,  desmin,  myosin,  smoothelin. 

10.  Secondary  antibodies:  horseradish  peroxidase  (HRP)-conjugated 
secondary  antibodies  to  the  species  of  each  primary  antibody  in  use. 

11.  Chemiluminescent      detection     lot — Western  Lightning 
Chemiluminescence  Reagent. 

1.  Chambered  slides  for  cell  culture. 

2.  Antibodies  to  uroplakin  la  and  III,  CK7,  CK  13,  CK  19,  CK  20, 
AE1/AE3;  a-smooth  muscle  actin,  desmin,  myosin,  smoothelin. 

3.  Fluorescent  labeled  secondary  antibodies. 
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2.6  Nuclear  Staining 


2.7  Biomaterials  for 
Urothelial  Cell  Growth 


2.8  Animals  for 
Isolation  of 
Urothelial  Cells 


1.  4'-6-Diamidino-2-phenylindole. 

2.  Propidium  iodide  (PI). 

1 .  Natural  collagen  matrices  derived  from  porcine  bladder  mucosa 
and  lamina  propria  (i.e.,  bladder  submucosa,  BSM)  and  por- 
cine small  intestine  submucosa  (SIS). 

2.  Home-made  BSM  (or  SIS)  inserts:  These  1  cm  disks  can  be 
manufactured  in  a  manner  such  that  the  BSM  (or  SIS)  is 
suspended  over  a  circular  polypropylene  frame  ( border  5  mm 
on  top  and  2  mm  on  bottom),  with  the  mucosal  surface 
upwards,  to  create  a  double  well  culture  disk  with  the  BSM 
(or  SIS)  acting  as  the  separating  membrane.  The  mucosal 
surface  of  BSM  (or  SIS)  forms  the  base  of  the  upward  facing 
well  while  its  serosal  surface  forms  the  top  of  the  bottom  well. 
The  upper  well  holds  500  ^1  of  media  and  the  bottom  well 
holds  200  Following  seeding  of  cells,  BSM  (or  SIS)  disks 
are  placed  in  a  12-  or  6-well  cell  culture  dish  filled  with 
media  to  allow  free  contact  of  the  media  with  both  sides  of 
the  BSM  (or  SIS)  [8,  18]. 

Nu/nu  athymic  nude  mice. 


2.9  Roszell's 
Procedure  for  Rat 
Urothelial  Cell  Culture 


This  procedure  was  developed  for  large-scale  in  vitro  growth  and 
serial  cultivation  of  normal  diploid  rat  bladder  epithelial  cells. 
Primary  cultures  are  initiated  by  attachment  of  bladder  mucosal 
explants  to  type  I  collagen  gels.  A  rapid  outgrowth  of  epithelial 
cells  from  the  explants  occurs  when  these  are  cultured  in  a 
hormone-supplemented  medium  with  epidermal  growth  factor. 
These  primary  outgrowths  are  passaged  by  nonenzymatic  disper- 
sion with  0.1  %  ethylenediaminetetraacetic  acid  followed  by  replat- 
ing  onto  new  gels.  The  capacity  for  routine  serial  passaging  and 
maintenance  of  rat  bladder  epithelial  cells  requires  the  presence  of 
epidermal  growth  factor,  a  requirement  not  observed  with  human 
urothelial  cells.  The  characteristics  of  the  cultured  rat  bladder  epi- 
thelial cells  are  similar  to  those  observed  in  human  urothelial  cells 
in  terms  of  ultrastructural  and  phase -contrast  morphologic  proper- 
ties, junctional  complexes,  desmosomes,  stratification,  and  an  api- 
cal glycocalyx;  the  absence  of  stromal  cell  contamination;  and  the 
ability  to  be  serially  passaged.  Spontaneous  cell-line  formation  is 
often  observed  with  the  rat  bladder  epithelial  cells,  but  has  not 
been  found  with  the  human  urothelial  cells.  With  the  method  that 
we  have  developed,  the  number  of  rat  bladder  epithelial  cells  gen- 
erated from  a  single  bladder  of  a  4-6  week  old  rat  is  increased  100- 
fold  from  about  7x  105  cells  to  7x  107  viable  cells  within  3  weeks 
of  culture.  The  capability  to  culture  normal,  primary  rat  bladder 
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epithelial  cells  on  this  scale  has  not  been  reported  previously  and 
will  facilitate  comparative  studies  of  the  biological  and  molecular 
characteristics  of  the  mammalian  urothelium.  Furthermore,  this 
culture  system  will  be  useful  for  carcinogenesis  studies,  including 
metabolic  activation  of  carcinogens  and  cellular  transformation  in 
vitro  [26]. 


3  Methods 


The  culture  of  UC  requires  different  approaches  for  cell  isolation, 
expansion,  and  optimal  culture  media  for  UC  growth  in  vitro 
depending  on  whether  the  cells  are  derived  from  humans  or  ani- 
mals. The  processes  of  both  monolayer  and  multilayer  culture  of 
UC  and  methods  for  UC  growth  on  matrices  in  vitro  and  in  vivo 
for  tissue  engineering  will  be  introduced. 


3.1   Isolation  and 
Culture  Methods  for 
Urothelial  Cells  from 
Different  Species 


Urothelial  cells  from  different  species  require  different  methods 
for  cell  isolation  and  cultivation  with  distinctive  culture  media.  For 
isolation  from  urothelium,  UC  can  be  retrieved  by  enzymes,  such 
as  dispase,  trypsin,  or  collagenase  IV.  Such  methods  are  most  fit- 
ting for  smaller  animals  (e.g.,  rats  or  mice)  in  which  mechanical 
manipulation  is  complex.  For  human  urothelium  and  that  from 
large  animals  (i.e.,  pig  and  dog),  UC  can  be  obtained  by  a  combi- 
nation of  microdissection  and  enzymatic  retrieval  methods  or  by 
explant  culture.  Generally,  human  UC  are  much  easier  to  culture 
than  cells  from  rodents,  dogs  and  pigs.  Human  UC  tend  to  grow 
well  in  KSFM  for  over  10  passages,  while  large  animal  UC  often 
require  the  addition  of  1-5  %  serum  and  stop  growing  by  passage 
3-5.  It  has  been  shown  that  rat  UC  can  proliferate  for  up  to  18 
passages  when  conditioned  medium  derived  from  an  immortalized 
cell  line  is  added  [9]. 


3. 1. 1  Human 
Urothelial  Cell  Culture 


All  of  the  following  culture  protocols  should  be  performed  in  a 
class  II  laminar  flow  biosafety  cabinet  (hood)  using  aseptic  tech- 
niques. A  bladder  tissue  specimen  (size  <2x2  cm2)  should  be 
obtained  and  placed  in  a  sterile  50  ml  centrifuge  tube  containing 
either  20  ml  chilled  phosphate -buffered  saline  (PBS)  or  KSFM 
containing  penicillin  and  streptomycin,  and  the  tube  should  be 
kept  on  ice.  The  tissue  should  be  processed  as  soon  as  possible 
once  it  has  been  obtained  (see  Note  1).  To  begin  the  process,  the 
bladder  tissue  should  be  transferred  to  a  sterile  100  mm  petri  dish 
and  washed  with  PBS  or  KSFM  containing  penicillin  and  strepto- 
mycin to  remove  red  blood  cells.  The  bladder  mucosa  should  then 
be  dissected  away  from  the  underlying  submucosa  with  sterile  sur- 
gical scissors  (see  Note  2). 
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Primary  Explant  Method  1 

2 
3 

4 
5 

Enzyme-Based  Method  1 

2 

3 
4 

5 

Scraping  Method  1 


Mince  urothelial  mucosa  into  1  mm  pieces.  Place  6-9  pieces  of 
tissue,  mucosal  side  down  and  without  medium,  on  a  small 
culture  dish  (30  mm  dish  or  6-well  plate).  This  positioning 
increases  the  chances  of  establishing  a  successful  primary  uro- 
thelial culture. 

Place  the  tissue  into  an  incubator  with  a  humidified  atmo- 
sphere containing  95  %  air  and  5  %  carbon  dioxide  (C02) 
at  37  °C  for  60  min  to  allow  the  tissue  fragments  to  attach 
to  the  dish. 

Prepare  KSFM  with  a  calcium  concentration  of  0.09  mmol/1, 
supplemented  with  epidermal  growth  factor  (EGF)  (5  ng/ml), 
bovine  pituitary  extract  (BPE)  (50  mg/ml),  cholera  toxin 
(CT)  at  a  final  concentration  of  30  ng/ml,  penicillin 
(100  U/ml),  and  streptomycin  (1  mg/ml). 

Add  3  ml  KSFM  to  the  culture  dish  slowly.  The  outgrowth  of 
cells  from  each  piece  of  bladder  tissue  can  usually  be  observed 
after  48  h  of  incubation  (see  Note  3). 

Examine  the  cultured  cells  daily  by  phase -contrast  microscopy 
to  assess  growth  and  morphology  and  to  make  certain  the 
medium  is  clear  of  any  contamination. 

Mince  urothelium  into  2-3  mm  fragments  and  digest  in  1  % 
collagenase  type  IV  (with  no  trypsin  activity)  at  37  °C  for  1-2  h. 

To  remove  collagenase,  centrifuge  the  digested  cells,  wash 
them  in  Hank's  Balanced  Salt  Solution  (HBSS),  and  centrifuge 
again. 

Resuspend  the  cells  in  KSFM  and  culture  the  primary  UC  in 
5  ml  (T25)  Primaria  tissue  culture  flasks  at  37  °C. 

Change  the  medium  every  48  h.  When  cells  are  95  %  conflu- 
ent, they  should  be  passaged  (see  Note  4).  To  subculture  the 
cells,  use  cold  PBS  (4  °C)  to  wash  the  culture  after  aspirating 
the  culture  medium  and  then  add  0.2  %  EDTA  plus  0.05  % 
Trypsin  for  2-3  min.  Add  soy  bean  trypsin  inhibitor  solution 
to  stop  the  trypsin  activity,  rinse  the  cells  off  the  dish  and  move 
them  to  a  centrifuge  tube,  and  spin  down  the  cells  at  1,500  K 
for  5  min  (see  Note  4). 

For  subculture,  plate  the  cells  at  a  ratio  of  1:5  with  a  cell  con- 
centration of  200x1 04  cells  in  1  ml  medium  per  flask;  after 
24  h,  when  the  cells  have  attached  to  the  flask,  add  an  addi- 
tional 4  ml  fresh  KFSM. 

Transfer  the  bladder  specimen  to  a  100  mm  petri  dish  in 
KSFM.  Usually,  for  a  specimen  sized  1  x  1-2x2  cm2,  3.5  ml  of 
medium  is  adequate.  Detach  UC  from  the  specimen  by  scrap- 
ing it  gently  with  a  sterile  surgical  blade. 
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3. 1.2  Isolation  and 
Culture  of  Urothelial 
Cells  Derived  from 
Large  Animals 


2.  Transfer  the  scraped  cell  suspension  to  either  a  6-well  or  a 
24-well  cell  culture  vessel  (0.5  ml  in  each  well)  by  means  of  a 
5  ml  pipette  or  a  5  ml  syringe  with  a  23G  needle  attached. 

3.  Add  another  0.5  ml  fresh  KFSM  to  each  well  and  incubate  for 
48  h,  then  change  medium  (see  Note  5). 

The  methods  of  isolation  and  culture  of  UC  from  large  animals 
(such  as  pigs  and  dogs)  are  similar  to  the  methods  used  in  human 
UC.  The  procedure  is  a  combination  of  the  microdissection  and 
enzymatic  techniques  as  described  below.  UC  isolated  from  large 
animals  have  been  used  as  an  autologous  cell  source  in  the  produc- 
tion of  tissue  engineered  bladder  or  urethra  in  the  same  animals 
[20,  27-30]. 


Isolation  and  Primary 
Culture  of  Urothelial 
Cells  from  Large  Animals 


3.1.3  Rodent 
Urothelial  Cells  In  Vitro 


1.  Wash  the  bladder  specimen  as  described  previously  for  the 
microdissection  technique. 

2.  Microdissection  step:  strip  the  urothelial  mucosa  and  connec- 
tive tissues  from  muscle  tissue  using  a  pair  of  microsurgery 
forceps  and  a  scalpel. 

3.  Enzymatic  step:  Transfer  the  scraped  mucosa  to  a  100  mm  cul- 
ture dish  containing  an  8  x  8  cm2  sterile  Styrofoam  piece  with  10 
sharp  metal  pins  along  each  edge.  With  the  mucosa  side  up,  the 
tissue  should  be  stretched  across  the  pins  and  then  incubated 
overnight  at  4  °C  in  KSFM  containing  2.5  mg/ml  dispase. 

4.  Remove  the  medium-dispase  solution  and  scrape  the  uroepi- 
thelial  cells  from  the  underlying  connective  tissue  with  two 
flexible  cell  scrapers. 

5 .  Transfer  the  scraped  cells  to  a  culture  dish,  resuspend  them  in 
20  ml  of  0.25  %  trypsin  1  mM  EDTA,  and  incubate  at  37  °C 
for  30  min. 

6.  Bring  the  cell  suspension  up  to  50  ml  with  KSFM  containing 
5  %  fetal  bovine  serum  in  a  sterile  conical  tube  and  spin  down 
at  500  Xjf  for  5  min  to  pellet  the  cells  and  remove  the 
trypsin. 

7.  Carefully  remove  the  supernatant  and  wash  the  cells  in  KSFM 
with  a  calcium  concentration  of  0.09  mmol/1  that  has  been 
supplemented  with  recombinant  epidermal  growth  factor, 
bovine  pituitary  extract,  cholera  toxin,  and  1  %  penicillin- 
streptomycin  solutions  (P/S). 

8.  Resuspend  the  cells  at  a  final  concentration  of  6-8  x  10s  cells/ 
ml  and  plate  them  in  KSFM  with  2  %  FBS  (see  Note  6). 

Rodents  are  a  commonly  used  animal  model  for  biomedical 
research.  However,  the  use  of  cultured  UC  from  rodents,  such  as 
rat  urothelial  cells  (RUC),  has  been  limited  due  to  difficult 
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isolation  procedures  and  the  inability  to  maintain  them  in  a  long-term 
culture.  The  main  approach  presently  used  for  the  culture  of  RUC 
is  to  plate  the  cells  in  serum-containing  medium  (5  %  FBS)  on  a 
collagen-coated  culture  dish  (Biocompare)  or  on  a  feeder  layer  of 
lethally  irradiated  NIH  3  T3  fibroblasts  that  can  support  growth  of 
cultured  cells  in  vitro.  However,  these  techniques  also  present 
problems,  as  the  RUC  culture  is  often  contaminated  with  other 
cell  types  such  as  fibroblasts,  smooth  muscle  cells,  or  capillary 
endothelium.  These  stromal  cells  will  eventually  overgrow  and 
finally  replace  UC  in  the  serum-containing  medium  after  only  a 
few  passages. 

We  have  modified  RoszelFs  procedure  [26]  and  developed  a 
simple  technique  to  isolate  rat  urothelium  by  enzymatic  release  of 
RUC  from  an  "everted  bladder"  and  to  maintain  the  primary  cul- 
ture in  KSFM  [8].  In  this  study,  the  conditions  for  the  growth  of 
RUC  in  long-term  culture  were  investigated  systematically.  We 
show  that  a  mixture  of  conditioned  medium  (CM)  obtained  from 
NIH  3T3  fibroblasts  and  KSFM  (CM-KSFM)  [31]  yielded  large 
quantities  of  normal  RUC  without  stromal  cell  contamination. 
RUC  could  be  subcultured  up  to  18  times  in  CM-KSFM  during  an 
observation  period  of  up  to  5  months.  Additionally,  rat  urothelium 
stratification  can  be  induced  with  or  without  a  feeder  layer  in  vitro, 
which  provides  potential  application  as  an  autograft  for  urothelial 
replacement  in  bladder  augmentation  studies  in  a  rat  model.  This 
technique  also  serves  as  a  tool  for  research  on  various  bladder  dis- 
eases including  tumorigenesis  and  urinary  tract  infection.  Below, 
we  describe  our  method  for  RUC  isolation. 


Rat  Urothelial  Cell  1 .  Euthanize  the  rats  with  an  intraperitoneal  injection  of  sodium 

Isolation  and  Culture  pentobarbital  (40-50  mg/kg).  After  the  whole  bladder  is 

excised,  apply  a  modified  RoszelFs  procedure  [26]  to  evert  the 
bladder  to  expose  the  urothelial  surface. 

2.  Reinsert  the  bladder  neck  into  the  lumen,  and  surgically  close 
to  form  an  "everted  bladder  ball"  so  that  only  the  urothelial 
surface  is  exposed. 

3.  Immerse  the  everted  bladder  either  in  4  ml  of  1  %  collagenase 
IV  at  37  °C  on  a  shaker  for  60  min,  or  in  10  ml  of  0.1  %  diso- 
dium  EDTA  at  48  °C  for  4  h. 

4.  Gently  scrape  the  bladder  mucosa  from  the  muscle  tissue  fol- 
lowing digestion  using  a  forceps  with  coarse  tips. 

5.  Collect,  wash,  and  plate  UC  on  T25  Primaria  cell  culture  flasks 
at  a  cell  density  of  5  x  106  cells/ml  in  5  ml  mixed  media  con- 
taining KSFM  and  conditioned  medium  derived  from  a  3T3 
cell  culture. 

6.  The  conditioned  medium  (CM)  is  derived  from  NIH  3T3  cell 
culture.  To  produce  it,  culture  3T3  cells  in  DMEM  supple- 
mented with  10  %  FBS  and  1  %  penicillin-streptomycin  and 
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then  collect  the  culture  medium  when  the  cells  reach  60-80  % 
confluence  (about  12  h). 

7.  Filter-sterilize  the  conditioned  medium  with  a  0.20  um  filter  to 
prevent  fibroblast  contamination. 

8.  Culture  the  primary  RUC  using  the  mixed  media  composed  of 
fresh  KFSM  and  conditioned  media  (CM-3T3)  (1:1  ratio). 

9.  Examine  the  cultured  urothelial  cells  daily  by  phase-contrast 
microscopy  to  assess  cell  growth  and  morphology,  and  to  check 
for  any  contamination. 

Viable  cultured  urothelial  cell  sheets  can  be  applied  for  urothelium 
regeneration  on  demucosalized  gastrointestinal  segments  through 
grafting  techniques.  There  are  two  main  techniques  to  produce 
these  urothelial  cell  sheets  in  culture:  (1)  cultured  cell  sheets  can  be 
gently  detached  from  a  culture  dish  with  2.5  %  dispase  and  (2) 
temperature-responsive  culture  dishes  can  be  used.  When  using 
the  dispase  method,  in  vitro  cultured  human  stratified  urothelium 
shows  complete  differentiation  of  its  superficial  cells.  It  retains  the 
same  ultrastructure  of  barrier  characteristics  (such  as  microvillus 
and  tight  junctions  as  observed  via  electron  microscope)  against 
principal  urine  components  [10].  The  cell-sheets  appear  to  be  sta- 
ble in  genotype  and  no  chromosomal  aberrations  have  been  found. 
Cells  in  the  sheets  express  the  urothelial  specific  cell  marker  uropla- 
kin  and  cytokeratins  7,  8,  17,  and  18. 

1 .  Plate  UC  into  culture  flasks  at  an  average  cell  density  of  1  x  105 
cells  per  cm2  in  KSFM  and  incubate  with  5  %  C02  in  95  %  air 
at  37  °C. 

2.  Change  KSFM  on  alternate  days. 

3.  Culture  UC  up  to  100  %  confluence,  and  then  enrich  the 
serum-free  medium  with  calcium  to  a  final  concentration  of 
1.5  mM. 

4.  When  stratification  is  induced,  usually  within  10  days,  remove 
the  culture  medium,  and  detach  the  in  vitro  urothelial  cell 
sheet  construct  from  the  culture  flask  with  2.5  %  dispase  II  at 
37  °C  for  30  min.  An  entire  urothelial  cell  sheet  that  is  about 
half  the  size  of  the  culture  dish  area  can  usually  be  easily 
detached  (see  Note  7). 

Coculture  of  urothelial  and  smooth  muscle  cells  on  bio-scaffolds  is 
usually  applied  in  the  production  of  tissue-engineered  urinary  tract 
organs  [8,  19,  20],  stem  cell  differentiation  protocols  [17,  32,  33] 
or  in  in  vitro  bladder  models  for  urinary  tract  infection.  In  order  to 
create  a  layered  construct  that  includes  both  a  urothelial  layer  and 
a  smooth  muscle  layer,  various  coculture  techniques  can  be  used, 
including  the  layered,  sandwich,  and  mixed  coculture  techniques. 
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In  vitro  observations  with  these  three  different  coculture  techniques 
suggest  that  the  layered  and  sandwich  methods  of  seeding  have 
distinct  advantages  over  the  mixed  coculture  technique  in  terms  of 
cell  stratification,  cell-matrix  penetration,  and  cell  differentiation. 
In  order  to  induce  a  stratified  urothelium  bladder  SMC  structure, 
cells  are  usually  seeded  on  biomaterials  such  as  BSM  and  SIS  with 
coculture  techniques  [8,  19,  27,  28,  34,  35]. 

3.3.1   Layered  1.  Set  some  SIS  disks  in  the  wells  of  a  24-well  plate.  Seed  bladder 

Coculture  Method  SMC  (1  x  105  cells  per  cm)  onto  the  mucosal  side  of  the  SIS 

using  DMEM  plus  10  %  FBS.  After  incubation  for  1  h,  UC  can 
be  seeded  on  top  of  the  SMC  at  the  same  cell  concentration 
(.fee  Note  8). 

2.  On  day  3,  distinct  cell  sorting  will  be  noted,  in  which  the  SMC 
grow  on  the  surface  of  the  SIS  with  early  cell-matrix  pene- 
trance, and  the  UC  will  grow  on  top  of  the  smooth  muscle 
cells  as  a  separate  population  of  cells.  This  cell  sorting  can  be 
confirmed  by  immunohistochemical  analysis.  UC  on  the  top 
portion  of  the  culture  stain  positive  for  AE1/AE3,  while  SMC 
in  the  bottom  portion  are  positive  for  a-smooth  muscle  actin, 
desmin,  myosin,  and  smoothelin. 

3.  On  day  7,  the  culture  will  show  further  stratification  and 
increased  matrix  penetrance. 

4.  For  the  remainder  of  the  culture  period,  cell  growth  and  matrix 
penetrance  progresses  while  cell  sorting  is  maintained. 

5.  By  day  28,  a  well-developed,  pseudostratified  layer  of  UC  is 
present  that  is  3-4  layers  thick.  The  smooth  muscle  cell  layer  is 
5-7  layers  thick  at  this  time. 

6.  The  vast  majority  of  SMC  will  no  longer  be  on  the  surface  of 
the  SIS;  rather,  they  penetrate  the  matrix  of  SIS  membrane  and 
proliferate  under  its  surface  within  the  membrane.  In  several 
areas,  SMC  can  usually  be  seen  traversing  into  deep  portions  of 
the  SIS  membrane  [8,  27,  28]. 

This  matrix  penetrance  by  SMC  is  distinctly  different  from  the 
pattern  of  membrane  ingress  that  is  observed  when  SMC  are 
grown  alone  on  SIS.  The  degree  and  pattern  of  cell-matrix  pene- 
trance by  smooth  muscle  cells  with  the  sandwich  coculture  tech- 
nique were  similar  to  those  observed  with  the  layered  coculture 
technique,  although  some  of  SMC  were  still  located  on  the  serosal 
surface  of  SIS. 

1.  Set  SIS  disks  into  the  wells  of  6-well  plates.  Seed  SMC  on  the 
serosal  surface  of  the  SIS  and  add  0.5  ml  DMEM  with  10  % 
FBS  on  the  top  portion  of  the  disk. 

2.  Follow  by  seeding  the  mucosal  surface  of  the  SIS  with  UC  in 
mixed  culture  media  (KSFM:DMEM  with  10  %  FBS,  1:1) 
24  h  later  (see  Note  6). 


3.3.2  Sandwich 
Coculture  Method 
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3.4  Three- 
Dimensional  (3D) 
Culture  of  Urothelial 
Structures 


3.4. 1  Biomaterials 


Bladder  Submucosa  Matrix 
(BSM)  and  Small  Intestinal 
Submucosa  (SIS) 


3 .  Organized,  layered  growth  of  UC  on  one  side  of  the  SIS  and 
growth  of  SMC  on  other  side  of  the  SIS  will  be  readily  evident 
on  day  3 . 

4.  Cell  growth  will  progress  during  the  28 -day  period  of  observa- 
tion (as  with  the  layered  coculture  technique). 

5.  By  day  28,  there  will  be  a  well-defined  pseudostratified  layer  of 
UC  on  the  mucosal  side  of  the  SIS  disk  that  is  3-4  cells  thick, 
and  there  should  be  litde  to  no  evidence  of  matrix  penetration 
by  the  UC  [8,  19,  36]. 

On  the  serosal  surface  of  SIS,  the  SMC  layer  will  be  about  5-7 
cells  thick,  and  there  is  usually  significant  penetrance  of  the  SIS 
membrane  by  the  SMC. 

Generation  of  3D  cultures  of  urothelial  structures  requires  a  com- 
bination of  three  techniques:  coculture  of  UC  and  SMC  [8, 19,  36], 
culture  on  a  biomaterial  with  porous  microstructure  [17, 18,  33,  34], 
and  the  use  of  a  bioreactor  to  provide  dynamic  culture  conditions 
[16,  17,  33]. 

A  prior  study,  published  in  2009  [18],  demonstrated  that  recellular- 
ization  of  biological  collagen  acellular  matrices  with  porous  micro - 
structure  using  cell  seeding  technology  provides  a  promising  option 
for  promoting  tissue  regeneration.  A  strategy  for  performing  tissue 
reconstruction  using  tissue  engineering  techniques  is  to  repopulate 
a  scaffold  with  cells  isolated  from  the  patient's  own  tissues  to  provide 
an  autologous  repair  of  the  tissue  defect.  For  example,  in  urethral 
reconstruction  using  tissue  engineering  techniques,  a  tissue-engineered 
tube  composed  of  differentiated  UC  on  the  urethral  lumen  side  and 
SMC  on  the  submucosal  side  can  be  used.  To  produce  such  a  scaf- 
fold, the  acellular  matrix  has  to  be  porous,  contain  infinitesimal  het- 
erogeneous cellular  compounds,  and  retain  most  of  the  extracellular 
matrix  components  to  permit  cell  seeding. 

An  ideal  biological  collagen  matrix  for  urethral  tissue  engineering 
would  have  high  porosity  for  cell  seeding,  be  degradable,  histo- 
compatible,  and  have  the  least  xenogenic  cellular  compounds 
retained  within  the  matrix  to  minimize  the  potential  for  inflamma- 
tion. Most  importantly,  the  matrix  needs  to  have  a  three- 
dimensional  (3-D)  structure  with  high  porosity,  but  at  the  same 
time,  it  must  maintain  a  nearly  normal  tensile  strength. 

Two  naturally  derived  matrix  materials,  i.e.,  BSM  and  SIS, 
meet  these  criteria  and  have  been  used  in  a  number  of  urological 
applications  both  in  vitro  and  in  vivo.  BSM  is  composed  of  a  slen- 
der basement  membrane  with  high  density  of  collagen  and  a  lam- 
ina propria  with  areolar  connective  tissue.  BSM  has  been  valuable 
in  reconstruction  of  urethra  in  animal  models  and  in  humans.  On 
the  other  hand,  SIS  is  a  xenogenic,  acellular,  collagen  rich  mem- 
brane with  inherent  growth  factors  that  have  previously  been 
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shown  to  promote  in  vivo  bladder  regeneration.  Our  previous 
study  evaluated  in  vitro  use  of  SIS  to  support  the  individual  and 
combined  growth  of  bladder  UC  and  SMC  for  potential  use  in  tis- 
sue engineering  [8]. 

Although  no  in  vitro  cell  culture  substrate  can  fully  mimic  the 
in  vivo  state,  SIS  has  significant  advantages  over  conventional  plas- 
tic and  other  coated  surfaces  because  it  provides  a  unique  environ- 
ment that  promotes  cell-cell  and  cell-matrix  interactions.  The 
presence  of  UC  significantly  impacts  the  pattern  of  SMC  growth 
on  SIS  since  active  penetrance  of  the  membrane  only  occurs  when 
UC  are  grown  in  conjunction  with  SMC. 

Biomaterial  Porosity  A  3-D  scaffold  with  higher  porosity  and  large  pore  size  (50- 

200  mM)  promotes  cell  proliferation,  migration  and  infiltration 
into  the  matrix,  and  appears  to  allow  abundant  cell  loading  onto 
the  scaffold,  thereby  promoting  in  vivo  tissue  regeneration  and 
wound  healing  in  a  nu/nu  athymic  mouse  model  [17,  18,  33]. 
Such  a  scaffold  would  also  allow  the  host  cells  to  participate  in  the 
tissue  remodeling  processes  by  infiltration  or  migration  into  the 
matrix  from  the  wound  edges.  Hence,  a  3-D  porous  matrix  would 
be  potentially  beneficial  in  the  reconstruction  of  bladder  or  urethra 
tissues. 


3-D  Porous  Matrix  Method:  1.  Clean  fresh  porcine  bladders  upon  receipt  and  manually 
Obtaining  Porcine  BSM  remove  muscle  layers. 

2 .  Retain  and  wash  BSM  in  distilled  water. 

3.  For  decellularization,  transfer  BSM  to  a  500  ml  bottle  filled 
with  distilled  water  and  place  at  4  °C  on  a  rotary  shaker  at 
200  rpm  for  2  days. 

4.  Discard  the  distilled  water  and  oxidize  the  BSM  by  soaking  it 
in  5  %  peracetic  acid  (PAA)  for  4  h. 

5.  Next,  treat  the  BSM  with  a  solution  containing  1  %  Triton 
X-100  for  2  days,  and  then  wash  once  more  with  distilled  water 
for  another  2  days. 

6.  Finally,  disinfect  the  BSM  using  0.1  %  PAA  in  20  %  alcohol  for 
2  h,  rinse  three  times  with  sterile  distilled  water  for  10  min 
each,  and  store  in  sterile  distilled  water  at  4  °C  until  further  use. 

The  methods  for  producing  SIS  scaffolds  are  nearly  identical  to 
those  shown  above  for  BSM. 


3.5  Dynamic  Culture  Dynamic  culture  methods  using  a  bioreactor  that  can  provide 
media  perfusion  or  rotation  have  frequendy  been  used  for  seeded 
scaffolds.  Dynamic  culturing  mimics  the  physiological  environ- 
ment and  promotes  cell  adhesion,  proliferation,  infiltration  and 
differentiation.  The  advantages  associated  with  dynamic  culture 
conditions  include:  (1)  even  distribution  of  nutrition  and  oxygen 
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leads  to  uniform  growth  of  cells  on  the  matrix;  (2)  increased 
synthesis  of  endogenous  ECM;  (3)  physiologically  relevant 
mechanical  forces  on  the  cultured  cells  (i.e.,  shear  stress,  pressure 
and  hydrodynamic  compression). 

Bioreactors  have  become  an  important  tool  to  improve  blad- 
der tissue  engineering  under  physiologic  conditions.  Recently, 
Farhat  et  al.  developed  a  urinary  bladder  bioreactor  with  a  hydro- 
dynamic  chamber  to  produce  stretch  and  strain  on  cell-seeded 
scaffolds  [15,  16].  This  bioreactor  helps  engineered  tissues  to 
better  adapt  to  the  changing  environment  when  implanted  in  vivo. 
It  enhances  epithelial-stromal  and  cell-ECM  interactions,  which 
are  necessary  for  building  bladder  tissues  but  which  cannot  be 
achieved  using  static  cultures  in  plates.  The  use  of  a  bladder  biore- 
actor system  may  accelerate  tissue  organization  and  maturation  in 
vivo,  and  may  shorten  the  time  required  to  achieve  a  fully  func- 
tioning organ. 

3.6   In  Vivo  Cell-based  approaches  to  engineer  human  bladder  tissue  have  been 

Urothelium  Formation  reported  [23],  and  bioengineering  has  allowed  creation  of  func- 
tional neo-bladder  tissues  in  several  animal  models  [19,  20, 28,  30, 
32,  35].  Such  tissue-engineered  bladder  is  generated  from  autolo- 
gous cells  derived  from  a  biopsy  of  tissue.  After  bladder  tissues  are 
obtained  via  biopsy,  UC  and  SMC  are  isolated  and  expanded  in 
culture,  and  then  seeded  onto  a  biodegradable  scaffold. 

A  clinical  experience  involving  engineered  bladder  tissue  for 
cystoplasty  was  conducted  starting  in  1998.  A  small  pilot  study  of 
seven  patients  was  reported,  using  a  collagen  scaffold  seeded  with 
cells  either  with  or  without  omentum  coverage,  or  a  combined 
PGA-collagen  scaffold  seeded  with  cells  and  omental  coverage. 
The  patients  reconstructed  with  the  engineered  bladder  tissue  cre- 
ated with  the  PGA-collagen  cell-seeded  scaffolds  with  omental 
coverage  showed  increased  compliance,  decreased  end-filling  pres- 
sures, increased  capacities  and  longer  dry  periods  over  time  [23]. 
It  is  clear  from  this  experience  that  the  engineered  bladders 
continued  their  improvement  with  time,  mirroring  their  continued 
development.  Although  the  experience  is  promising  in  terms  of 
showing  that  engineered  tissues  can  be  implanted  safely,  it  is  just  a 
start  in  terms  of  accomplishing  the  goal  of  engineering  fully  func- 
tional bladders.  This  was  a  limited  clinical  experience,  and  the  tech- 
nology is  not  yet  ready  for  wide  dissemination,  as  further 
experimental  and  clinical  studies  are  required.  FDA  Phase  2  studies 
have  now  been  completed. 

To  identify  whether  urothelial  cells  maintain  their  specific  phe- 
notypes  including  gene  and  protein  expression  after  isolation,  cul- 
ture and  coculture  with  SMC,  Reverse  Transcriptase -Polymerase 
Chain  Reaction  (RT-PCR),  Western  blot,  and  immunefluorescence 
analysis  are  performed.  Urothelial  cell  transcripts  including  uropla- 
kin  (Up)-Ia,  Up-III,  cytokeratin  (CK)-7  and  CK-13  are  regularly 
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used.  For  RNA  extraction  experiments,  UC  are  cultured  in  KSFM 
in  10  cm  dishes  for  14  days.  Five  micrograms  of  RNA,  extracted 
using  Trizol  (Invitrogen,  Carlsbad,  CA)  reagent,  is  used  for  cDNA 
synthesis  using  the  Superscript  II  RT  enzyme  to  the  manufactur- 
er's instructions.  Briefly,  RNA  is  incubated  with  random  hexamers, 
nucleotides,  reverse  transcriptase  enzyme,  and  reaction  buffer  in  a 
20  ^1  volume  for  synthesis  of  cDNA.  One  tenth  of  the  reaction 
volume  is  taken  for  PCR  using  specific  primer  pairs. 

For  Western  blot  analysis,  cells  are  harvested  from  culture 
dishes  and  lysed.  Proteins  extracted  from  whole  cells  are  run  using 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  to  sepa- 
rate the  proteins  and  then  transferred  to  nitrocellulose  membranes 
overnight  at  4  °C.  Mouse  anti-human  CK7,  CK13,  Ckl9,  CK20, 
AE1/AE3,  and  uroplakin  Ia/III,  are  used  as  the  primary  antibod- 
ies to  probe  the  membrane  and  peroxidase  labeled  goat  anti-mouse 
IgG  is  used  as  the  secondary  antibody  for  detection.  Protein  bands 
are  detected  with  an  enhanced  chemiluminescence  assay. 

For  immunofluorescence,  urothelial  cells  are  assessed  for  the 
expression  of  7  types  of  cell  markers.  Urothelium  specific  markers 
include  uroplakin  la  and  III,  a  tissue  specific  and  differentiation 
dependent  transmembrane  protein  of  the  urothelial  luminal  surface. 
Epithelial  cell  markers  include  CKs  7, 13, 17, 19,  and  20.  All  mark- 
ers should  be  assessed  for  all  3  urothelial  layers.  All  surface  marker 
assays  should  be  performed  at  least  3  times  to  ensure  consistent 
results. 


4  Notes 

1 .  To  enhance  the  success  rate  of  primary  cultures  of  UC,  avoid 
the  use  of  electrical  knives  (electrocautery)  when  bladder  tissues 
are  harvested  from  patients  [9].  In  addition,  any  foreign  objects 
such  as  bladder  stones  and  catheters  should  be  removed  1  week 
before  the  tissue  biopsy  is  procured,  as  these  foreign  bodies  can 
interfere  with  the  outcome  of  urothelial  cell  culture. 

2.  Microdissection  to  strip  off  the  urothelium  is  one  of  the  meth- 
ods reported  to  be  successful  in  large  mammals  such  as  humans, 
pigs,  and  dogs.  This  technique,  however,  is  difficult  in  small 
animals  such  as  rats  or  mice. 

3.  Do  not  touch  the  culture  dish  or  flask  during  the  first  48  h  to 
allow  the  explants  attach  to  the  plastic. 

4.  Use  Soy  Bean  Trypsin  Inhibitor  instead  of  FBS  to  stop  trypsin 
activity  when  UC  are  subcultured.  This  can  prevent  any  fibro- 
blast contamination  in  the  culture. 

5.  Culture  of  UC  is  not  always  successful,  and  urothelial  cells  from 
various  areas  of  the  urinary  tract  respond  differently  to  culture 
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protocols.  For  example,  urothelial  cells  from  the  ureter  are  more 
easily  cultured  than  urothelial  cells  obtained  from  bladder  [9]. 

6.  Generally  speaking,  UC  derived  from  pig  and  dog  can  be  cul- 
tured up  to  only  passage  3-4  and  then  they  will  senesce. 
However,  human  UC  can  be  cultured  for  over  10  passages. 
The  culture  medium  needs  to  be  optimized  for  culture  of  UC 
from  larger  animals. 

7.  Detached  urothelial  cell  sheets  can  be  used  for  histology  or  tis- 
sue repair.  Do  not  keep  these  in  the  incubator  for  more  than 
3  h;  otherwise,  the  cell  sheet  will  shrink. 

8 .  Air  bubbles  must  be  aspirated  with  a  1  ml  tubercle  syringe  with 
a  fine  needle. 
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Cell-Populated  Collagen  Lattice  Contraction  Model 
for  the  Investigation  of  Fibroblast  Collagen  Interactions 

H.  Paul  Ehrlich  and  Kurtis  E.  Moyer 
Abstract 

The  fibroblast-populated  collagen  lattice  (FPCL)  was  intended  to  act  as  the  dermal  component  for 
"skin-equivalent"  or  artificial  skin  developed  for  skin  grafting  burn  patients.  The  "skin-equivalent"  was 
clinically  unsuccessful  as  a  skin  graft,  but  today  it  is  successfully  used  as  a  dressing  for  the  management  of 
chronic  wounds.  The  FPCL  has,  however,  become  an  instrument  for  investigating  cell-connective  tissue 
interactions  within  a  three-dimensional  matrix.  Through  the  capacity  of  cell  compaction  of  collagen  fibrils, 
the  FPCL  undergoes  a  reduction  in  volume  referred  to  as  lattice  contraction.  Lattice  contraction  proceeds 
by  cell-generated  forces  that  reduce  the  water  mass  between  collagen  fibers,  generating  a  closer  relation- 
ship between  collagen  fibers.  The  compaction  of  collagen  fibers  is  responsible  for  the  reduction  in  the 
FPCL  volume.  Cell- generated  forces  through  the  linkage  of  collagen  fibers  with  fibroblast's  cytoskeletal 
actin-rich  microfilament  structures  are  responsible  for  the  completion  of  the  collagen  matrix  compaction. 
The  type  of  culture  dish  used  to  cast  FPCL  as  well  as  the  cell  number  will  dictate  the  mechanism  for  com- 
pacting collagen  matrices.  Fibroblasts,  at  moderate  density,  cast  as  an  FPCL  within  a  petri  dish  and  released 
from  the  surface  of  the  dish  soon  after  casting  compact  collagen  fibers  through  cell  tractional  forces. 
Fibroblasts  at  moderate  density  cast  as  an  FPCL  within  a  tissue  culture  dish  and  not  released  for  4  days 
upon  release  show  rapid  lattice  contraction  through  a  mechanism  of  cell  contraction  forces.  Fibroblasts  at 
high  density  cast  in  an  FPCL  within  a  petri  dish,  released  from  the  surface  of  the  dish  soon  after  casting, 
compact  a  collagen  lattice  very  rapidly  through  forces  related  to  cell  elongation.  The  advantage  of  the 
FPCL  contraction  model  is  the  study  of  cells  in  the  three-dimensional  environment,  which  is  similar  to  the 
environment  from  which  these  cells  were  isolated.  In  this  chapter  methods  are  described  for  manufacturing 
collagen  lattices,  which  assess  the  three  forces  involved  in  compacting  and/or  organizing  collagen  fibrils 
into  thicker  collagen  fibers.  The  clinical  relevance  of  the  FPCL  contraction  model  is  related  to  advancing 
our  understanding  of  wound  contraction  and  scar  contracture. 

Key  words  Fibroblasts,  Collagen  lattice,  Wound  contraction,  Scar  contraction 


1  Introduction 

The  organization  of  connective  tissue  by  resident  fibroblasts  plays 
a  critical  role  in  embryonic  tissue  development  as  well  as  in  tissue 
repair  through  the  generation  of  a  scar  or  the  closure  of  an  open 
wound  by  wound  contraction.  The  cultured  fibroblast-populated 
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collagen  lattice  (FPCL)  contraction  model  has  long  been  a  tool  to 
examine  the  interactions  between  cells  and  collagen  in  an  effort 
to  increase  our  understanding  of  complex  connective  tissue  inter- 
actions within  a  three-dimensional  matrix.  Examining  cells  within 
a  two-dimensional  format,  monolayer  culture,  has  greatly 
advanced  our  knowledge  and  understanding  of  the  biochemistry 
and  physiology  of  a  variety  of  cell  types  including  dermal  fibro- 
blasts; however,  applying  the  third-dimensional  aspect  seen  with 
FPCL  studies,  that  knowledge  has  been  expanded  even  further. 
The  FPCL  contraction  model  investigates  fibroblast  interactions 
with  a  newly  polymerized  collagen  matrix  in  a  three-dimensional 
lattice.  The  contraction  of  the  collagen  matrix  by  resident  cells  is 
due  to  the  capacity  of  fibroblasts  to  compact  collagen  fibrils 
through  specific  cellular  mechanisms  as  well  as  by  reducing  extra- 
cellular fluid  volume.  Creating  this  three-dimensional  system  in  a 
consistent  manner  requires  the  adherence  to  specific  principles 
through  the  control  of  multiple  variables.  Altering  fibroblast 
density,  the  concentration  and/or  the  type  of  collagen  present 
(type  I  versus  III),  the  type  of  culture  medium,  as  well  as  the  type 
of  culture  dish  employed  have  all  resulted  in  differences  in  the 
mechanism  employed  by  fibroblasts  to  compact  their  surrounding 
collagen  matrix. 

Here,  the  one  focus  will  be  on  how  altering  these  variables  in 
casting  an  FPCL  can  change  the  mechanism  responsible  for  the 
compaction  of  the  collagen  lattice.  This  is  important  because  the 
rearrangement  of  collagen  fibrils  through  compaction  by  resident 
cells  such  as  fibroblasts  and  smooth  muscle  cells  can  produce  a 
matrix  environment  with  characteristics  similar  to  dermal  skin  as 
well  as  blood  vessel  walls.  As  already  mentioned,  variations  in  the 
components  in  the  casting  of  an  FPCL  dictate  the  mechanism  uti- 
lized by  resident  cells  to  contract  that  matrix.  The  mechanisms 
typically  utilized  by  these  resident  cells  to  rearrange  collagen  fibrils 
include  cell  contractile  forces,  cell  locomotion  forces,  and  cell  elon- 
gation forces.  These  forces  rely  on  actin-myosin  filament  sliding 
through  myosin  ATPase  activity. 

Eugene  Bell  and  coworkers  wrote  the  classic  paper  that 
introduced  the  free-floating  FPCL  contraction  model  [1]. 
His  objective  was  to  develop  a  "skin-equivalent"  for  use  as  a 
synthetic  skin  graft  in  the  treatment  of  severely  burned  patients. 
The  free-floating  FPCL  was  the  dermal  component  of  the 
"skin-equivalent"  and  therefore  referred  to  as  the  "dermal-equivalent." 
In  Bell's  original  paper,  cultured  dermal  fibroblasts  were  developed 
from  a  biopsy  taken  from  a  male  Sprague  Dawley  rat.  Each  milliliter 
of  the  "dermal-equivalent"  or  FPCL  was  cast  witii  100,000  rat 
dermal  fibroblasts,  1.25  mg  of  acid,  soluble  native  rat  tail  tendon 
(RTT)  collagen,  and  serum-enriched  culture  medium.  Over  a 
2-day  period  the  FPCL  contracted,  forming  a  dense  collagen 
matrix  with  elongated  fibroblasts.  A  second  sldn  biopsy  was 
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performed  on  the  same  rat,  but  a  culture  of  keratinocytes  was 
generated  from  this  biopsy  to  create  the  "skin-equivalent."  A  sus- 
pension of  keratinocytes  was  placed  on  the  surface  of  a  2 -day 
free-floating  FPCL  composed  of  rat  dermal  fibroblasts  as  described 
above.  This  casted  FPCL,  with  seeded  keratinocytes,  floated  on  the 
surface  of  the  culture  medium.  The  developing  epidermal  layer  was 
situated  at  the  air  interface  of  the  culture  medium  surface.  The 
newly  developed  "skin-equivalent"  contained  collagen  from  pooled 
RTT  as  well  as  fibroblasts  and  keratinocytes  obtained  from  the 
same  rat  that  was  to  receive  the  "skin-equivalent"  graft.  Once 
matured,  the  skin-equivalent  was  grafted  as  an  autograft  onto  a 
full-thickness  fresh  excisional  wound  made  on  the  back  of  the  cell- 
donor  rat.  This  "skin-equivalent"  graft  was  accepted  as  a  skin 
graft  in  the  rat  model  [2].  Unfortunately,  the  success  of  the 
"skin-equivalent"  graft  in  rats  was  not  transferable  to  establishing 
an  accepted  "skin-equivalent"  graft  for  patients.  Initially,  the  "skin- 
equivalent"  or  free-floating  FPCL  with  a  keratinocyte  layer  on  top 
was  marketed  as  a  testing  device  for  evaluating  the  safety  of  skin 
products  [3].  Though  it  failed  as  a  synthetic  skin  graft  for  the  treat- 
ment of  burn  wounds,  the  "skin-equivalent"  eventually  found  a 
clinical  application.  The  "skin-equivalent,"  now  called  Apligraf®,  is 
used  clinically  as  an  engineered  wound  care  dressing,  promoting 
the  closure  of  chronic  wounds  [4]. 

The  original  dermal-equivalent  as  described  by  Bell,  the  free- 
floating  FPCL,  has  four  components:  primary  human  cultured 
dermal  fibroblasts;  McCoy's  5a  medium,  supplemented  with  10  % 
fetal  bovine  serum  (FBS);  native  acid  solubilized  RTT  collagen; 
and  a  petri  dish,  not  a  tissue  culture  dish,  which  minimizes  the 
attachment  of  the  lattice  to  the  surface  of  the  dish  [1].  Fibroblasts 
in  monolayer  culture  released  by  limited  trypsin  digestion  were 
counted,  suspended  in  serum-supplemented  culture  medium, 
combined  with  soluble  native  collagen,  and  then  poured  into  the 
petri  dish.  The  dish  was  transferred  to  an  incubator  set  at  37  °C 
with  a  water-saturated  atmosphere  and  5  %  C02.  The  mixture  rap- 
idly polymerized  forming  a  disc  shape  within  the  petri  dish.  Initially, 
fibroblasts  entrapped  within  the  collagen  matrix  had  a  spherical 
shape,  Fig.  1  left.  At  24  h  the  spherical  shaped  fibroblasts  had  elon- 
gated and  spread  out  taking  on  a  spindle-type  shape,  Fig.  1  right. 
To  accomplish  this  change  in  morphology,  the  fibroblasts  pull  the 
surrounding  fine  collagen  fibrils  towards  their  cell  body  as  their 
lamellipodia  project  outward  from  the  cell  body,  malting  numerous 
attachments  to  the  polymerized  collagen  lattice,  see  Fig.  1.  During 
this  period  of  cell  elongation,  the  thickness  of  the  lattice  in  the 
Z-axis  decreases  in  size,  resulting  in  the  FPCL  disc  becoming 
thinner. 

Modifications  in  the  casting  of  the  FPCL  have  revealed  distinc- 
tive cellular  morphologies  and  mechanisms  for  rearranging  collagen 
fibrils  within  their  surrounding  collagen  matrix.  The  three  variations 
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Fig.  1  Scanning  electron  micrograph  of  a  fibroblast  incorporated  within  an  FPCL.  The  fibroblast  on  the  left  is 
shown  30  min  after  casting  in  a  collagen  lattice  and  the  fibroblast  on  the  right  is  24  h  after  casting.  Note  how 
the  cell  was  initially  spherical  in  shape  and  24  h  later  the  cell  is  elongated.  There  is  attachment  of  collagen 
fibers  to  the  fibroblast  surface  within  the  first  30  min 


most  commonly  utilized  in  the  casting  of  the  FPCL  are  (1) 
moderate-cell-density,  free-floating  FPCL  contraction  model  as 
introduced  by  Bell  and  coworkers  [1];  (2)  high-cell-density,  free- 
floating  FPCL  contraction  model  [5,  6];  and  (3)  the  moderate - 
cell-density  attached-delayed-released  (ADR)-FPCL  that  is 
released  4  days  after  casting  [7].  The  measurement  of  lattice  con- 
traction is  determined  by  changes  in  their  area  in  the  XTplane.  In 
the  ADR-FPCL  the  lattices  are  cast  in  tissue  culture  dishes,  rather 
than  a  petri  dish.  While  these  lattices  remain  attached  to  their 
underlying  surface  in  the  tissue  culture  dish,  lattice  contraction  is 
initially  limited  to  the  Z-axis  as  they  become  thinner  discs.  Rapid 
contraction  occurs  in  the  XT  plane  upon  physically  releasing  the 
lattices  from  the  surface  of  the  dish  with  a  spatula  on  day  4. 
The  majority  of  rapid  contraction  occurs  within  the  first  10  min  as 
the  resident  elongated  cells  physically  contract  their  thick  cytoplas- 
mic stress  fibers  [7].  In  the  high-cell-density  free-floating  FPCL 
there  is  rapid  contraction  within  the  first  4  h  after  casting  unlike 
the  moderate -cell-density  free-floating  FPCL  [5]. 

In  the  initial  paper  by  Bell,  increasing  the  collagen  concentra- 
tion reduced  the  rate  and  degree  of  lattice  contraction,  while 
increasing  the  number  of  fibroblasts  increased  the  rate  and  degree 
of  lattice  contraction.  Serum  was  required  to  optimize  lattice  con- 
traction. The  initial  contraction  of  a  free-floating  FPCL  occurs  in 
the  Z-axis,  which  commences  within  the  first  hour  after  casting, 
while  contraction  in  the  X-T-axis  begins  4-6  h  after  casting  and 
continues  at  a  constant  rate  over  the  next  48  h,  where  the  area  of 
the  lattice  can  be  reduced  as  much  as  90  %  [1].  After  48  h,  the 
lattice  contraction  continues,  but  at  a  reduced  rate. 
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The  casting  of  an  ADR-FPCL,  in  the  absence  of  serum,  upon 
its  release  at  4  days,  fails  to  contract  [7].  The  introduction  of  serum 
restores  lattice  contraction.  When  an  ADR-FPCL  adheres  to  its 
underlying  substratum,  the  resident  fibroblasts  develop  tension 
and  by  day  4  the  fibroblast  population  has  transformed  into  a 
myofibroblast  population,  expressing  a  smooth  muscle  actin 
(SMC)  [8].  Microfilaments  within  a  fibroblast  under  tension 
undergo  a  condensation  into  stress  fibers,  the  defining  morphol- 
ogy of  myofibroblasts.  Upon  the  release  of  an  adherent  lattice,  the 
resident  myofibroblasts  undergo  observable  cell  contraction, 
resulting  in  the  rapid  compaction  of  the  collagen  lattice. 
This  mechanism  is  in  contrast  to  the  free-floating  FPCL,  which 
rely  on  resident  fibroblasts  to  contract  the  collagen  through  cell 
locomotion  forces  and  no  change  in  cell  shape. 

Modulating  the  casting  of  the  FPCL  enables  the  differences 
between  fibroblast  interactions  with  their  surrounding  connective 
tissue  matrix  to  be  examined.  Each  milliliter  of  the  original  Bell 
free-floating  FPCL  contraction  model  contained  50,000-100,000 
fibroblasts  in  petri  dishes  released  soon  after  casting.  FPCL  initially 
contracts  in  the  Z-axis,  becoming  a  thinner  disc  in  the  first  4-6  h 
and  contract  at  a  steady  rate  for  the  next  2  days  without  a  change 
in  the  elongated  fibroblast  morphology  (see  Fig.  2a).  As  shown  in 
Fig.  2b,  polarized  light  microscopy  reveals  birefringence  of  colla- 
gen fibers  aligned  parallel  with  the  elongated  lamellipodia  of  the 
fibroblast.  The  mechanism  for  free-floating  FPCL  contraction  is 
through  the  passing  or  the  translocation  of  collagen  fibrils  over  the 
fibroblast  plasma  membrane  surface,  known  as  cell  locomotion, 
resulting  in  a  parallel  packing  of  collagen  fibrils  generating  a 
uniform  collagen  matrix  [9].  With  the  free-floating  FPCL,  con- 
traction forces  related  to  cell  locomotion  or  cell  tractional  forces 
are  responsible  for  the  compaction  of  collagen  fibrils  into  more 
uniform  organized  collagen  fibers. 

As  already  described,  altering  the  technique  of  FPCL  casting 
spawns  a  change  in  the  mechanism  for  lattice  contraction. 
An  ADR-FPCL  utilizes  cell  contractile  forces  rather  than  cell 
locomotion  forces  for  the  compaction  of  collagen  fibrils.  The 
moderate -density  ADR-FPCL  contraction  model  introduced  by 
Tomasek  and  coworkers  [7]  utilizes  100,000  cultured  human 
dermal  fibroblasts  with  of  1.25  mg  of  collagen  in  1  mL  of  culture 
medium  containing  10  %  serum.  Lattices  cast  in  tissue  culture 
dishes  remained  attached  to  the  dish  surface  for  4  days.  Over 
time,  fibroblasts  residing  in  an  ADR-FPCL  are  subjected  to  ten- 
sion, which  results  in  the  condensation  of  their  fine  cytoplasmic 
microfilaments,  characteristic  of  fibroblasts,  into  thick  cytoplas- 
mic stress  fibers,  characteristic  of  myofibroblasts.  At  4  days,  the 
fibroblast  population  has  transformed  into  a  myofibroblast  popu- 
lation. The  release  of  the  attached  myofibroblast-populated  col- 
lagen lattice  leads  to  its  rapid  contraction,  mostly  completed 
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Fig.  2  Free-floating  FPCL  at  24  h.  Panel  a  is  a  phase  contrast  micrograph,  showing  elongated  fibroblasts  within 
the  collagen  matrix.  Panel  b  is  an  unstained  FPCL,  viewed  with  polarized  light,  showing  birefringence  of  col- 
lagen fibers  parallel  to  the  cell's  lamellipodia  or  extended  cell  arms 

within  10  min  after  release.  The  contraction  of  the  resident  myo- 
fibroblasts triggers  the  compaction  of  the  collagen  fibrils.  Unlike 
free-floating  FPCLs  there  is  minimal  organization  of  collagen 
fibrils  into  uniform  fibers  as  demonstrated  by  polarized  light  bire- 
fringence. This  model  facilitates  the  study  of  cell  contractile  forces 
compacting  the  connective  tissues  matrix  as  opposed  to  cell  loco- 
motion forces. 

Casting  high-cell-density  free-floating  FPCLs  containing  more 
than  500,000  cells  per  mL  of  lattice  enables  the  study  of  the  inter- 
actions of  fibroblast  cell  surface  lamellipodia  protrusions  within  a 
three-dimensional  collagen  matrix.  High-density  free-floating 
FPCLs  contract  rapidly,  where  lattice  contraction  begins  in  less 
than  2  h  and  is  completed  in  4-6  h  [6].  The  contraction  of  the  col- 
lagen matrix  in  high-density  free-floating  FPCLs  is  through  cell 
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elongation  and  retraction,  with  the  sending  out  of  lamellipodia 
followed  by  the  retraction  of  lamellipodia,  which  results  in  the 
pulling  of  collagen  fibrils  back  towards  the  cell  body.  There  is  no 
reorganization  of  collagen  fibrils,  which  remain  arranged  in  ran- 
dom arrays  in  contrast  to  the  moderate-density  free-floating  FPCL. 
This  three-dimensional  model  of  lamellipodia  protrusion  interac- 
tions with  a  collagen  matrix  is  more  biological-like  compared  to 
the  study  of  fibroblast  lamellipodia  protrusions  along  the  surface  of 
a  plastic  tissue  culture  dish. 


2  Materials 

Culture  medium:  The  most  commonly  used  culture  medium 
employed  for  making  FPCLs  is  Dulbecco's  modification  of  Eagle's 
medium  (DMEM)  supplemented  with  10  %  FBS.  To  avoid  prema- 
ture polymerization  of  the  native  soluble  collagen,  the  culture 
medium  should  be  kept  cold.  Lattice  contraction  requires  the 
inclusion  of  added  FBS  [1].  In  the  absence  of  FBS  little,  if  any,  lat- 
tice contraction  occurs. 

Collagen:  Collagen  can  be  purchased  from  a  variety  of  sources. 
RTT  collagen  solution  purchased  from  Aldrich-Sigma,  St  Louis, 
MO,  or  Advanced  BioMatrix,  Inc.,  San  Diego,  CA,  is  supplied  in  a 
20  mM  acetic  acid  solution  at  4  mg/mL  and  is  maintained  under 
cold  conditions.  Collagen  under  cold  acidic  conditions  is  retained 
in  solution  in  its  native  state.  In  order  for  collagen  to  polymerize, 
it  has  to  be  at  a  neutral  pH  and  at  37  °C.  The  addition  of  17  uL  of 
IN  NaOH  per  mL  of  native  collagen  solution  in  20  mM  acetic  acid 
neutralizes  the  collagen  solution.  To  avoid  subjecting  cells  to  acidic 
conditions  the  collagen  solution  is  neutralized  just  before  intro- 
ducing cells. 

It  is  not  difficult  to  generate  your  own  RTT  collagen  solution 
and  avoid  the  NaOH  neutralization  step.  Tendons  are  isolated 
from  rat  tails.  A  common  pair  of  pliers  is  used  to  break  off  and  free 
individual  tail  vertebrae,  teasing  out  arrays  of  tail  tendon.  Scissors 
free  the  tendons  from  the  vertebrae  and  then  they  are  transferred 
to  a  flask  with  a  stir  bar,  0.1  M  acetic  acid  at  4  °C,  and  stirred  with 
a  stir  motor.  A  ratio  of  1  mg  of  tendon  per  1  mL  0.1  M  acetic  acid 
is  stirred  for  2-7  days  until  the  solution  develops  uniform  viscosity. 
The  viscous  solution  is  centrifuged  at  10,000  for  30  min,  the 
supernatant  saved,  and  the  pellet  discarded.  NaCl  is  added  to  the 
measured  volume  of  the  supernatant  at  10  %  w/v,  stirred  at  4  °C 
for  2  h,  after  which  it  is  allowed  to  stand  for  2  h  without  stirring  at 
4  °C.  The  precipitated  collagen  is  collected  by  again  centrifuging 
at  10,000  xjj  for  10  min,  the  supernatant  discarded,  and  the  pellet 
is  now  saved.  The  pellet  is  dissolved  in  the  same  initial  volume  of 
0.1  M  acetic  acid  as  used  to  free  the  collagen  from  the  tendons. 
The  collagen  solution  is  transferred  to  dialysis  tubing  and 
exhaustively  dialyzed  against  running  cold  tap  water  overnight. 
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The  pelleted  collagen  is  again  collected  by  centrifugation  at 
10,000  xjf  for  10  min.  The  pellet  is  taken  up  in  0.1  M  acetic  acid 
as  stated  above  and  stirred  at  4  °C  until  the  collagen  pellet  is  com- 
pletely solubilized.  The  viscous  solution  is  exhaustively  dialyzed 
against  at  least  four  changes  of  10  mM  HC1  at  a  ratio  of  1  volume 
of  dialysate  in  the  tubing  versus  10  volumes  of  1  mM  HC1  at  4  °C 
with  stirring.  The  solution  is  cleared  by  centrifugation  at  10,000  x g 
for  30  min  to  remove  any  insoluble  collagen  debris.  The  superna- 
tant is  saved,  frozen,  and  lyophilized.  The  dried  collagen  is  weighed 
and  for  every  5  mg  of  collagen,  1  mL  of  ice-cold  10  mM  filter- 
sterilized  HC1  is  added,  and  the  solution  vigorously  stirred  at  4  °C 
overnight  in  a  sealed  container  to  avoid  contamination.  The  vis- 
cous solution  is  kept  at  4  °C  and  it  should  never  be  frozen.  It  is 
stable  when  kept  in  the  refrigerator  for  more  than  a  year  and  it  will 
readily  polymerize  into  a  gel.  Having  the  collagen  in  10  mM  HC1 
eliminates  the  need  to  neutralize  the  collagen  solution  with  NaOH, 
since  HC1  has  no  buffering  capacity.  When  the  collagen  is  mixed 
with  culture  medium  and  cells,  there  is  no  need  to  neutralize  the 
culture  medium  collagen  mixture. 

Culture  dish:  The  type  of  culture  dish  used  in  casting  FPCLs 
determines  a  free-floating  FPCL  from  an  ADR-FPCL.  For  free- 
floating  moderate-density  and  high-density  FPCL,  the  petri  dish  is 
preferred  because  of  the  ease  in  releasing  the  lattice  from  the  sur- 
face of  the  dish.  To  cast  ADR- FPCLs,  a  tissue  culture  dish  is  used 
because  the  lattice  remains  attached  to  the  dish  surface  until  the 
FPCLs  are  released  with  a  spatula  at  4  days. 


3  Methods 

Components  to  make  a  4.0  mL  fibroblast-collagen  mixture  to  cast 
moderate-density  FPCLs: 

(a)  Using  a  purchased  collagen  solution  in  20  mM  acetic  acid: 

1.25  mL  of  RTT  collagen  solution  in  4  mg/mL  20  mM 
acetic  acid  at  4  °C. 

1.35  mL  of  2x  DMEM  at  4  °C. 

0.017  mL  IN  NaOH. 

0.4  mL  ofFBS. 

1.0  mL  of  DMEM  with  10  %  FBS  and  400,000  fibroblasts 
at  room  temperature. 

Mix  completely  with  agitation  (vortex  for  2-5  s  or  until 
the  solution  is  uniform  in  color  and  viscosity). 

Every  milliliter  of  FPCL  contains  100,000  cells,  10  %  FBS, 
and  1.25  mg  of  collagen. 

(b)  Components  to  cast  a  4.0  mL  FPCL,  using  RTT  collagen 
at  5  mg/mL  in  10  mM  HC1: 
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a  b 


Fig.  3  Four  FPCLs  are  cast  in  a  35  mm  petri  dish.  Panel  a  shows  four  200  uL  FPCL  beads  in  culture  medium 
1 0  min  after  casting  and  immediately  after  their  release  from  the  petri  dish  surface.  Panel  b  shows  those  same 
FPCLs  24  h  later,  demonstrating  a  dramatic  decrease  in  lattice  size  from  FPCL  contraction 


1.0  mL  of  RTT  collagen  solution  of  5  mg/mL  in  10  mM 
HC1  at  4  °C. 

1.6  mL  of  2x  DMEM  at  4  °C. 

0.4  mL  of  FBS. 

1.0  mL  of  DMEM  with  10  %  FBS  and  400,000  fibroblasts 
at  room  temperature. 

Mix  completely  with  agitation  until  the  solution  is  uni- 
form in  color  and  viscosity. 

Every  milliliter  of  FPCL  contains  100,000  cells,  10  %  FBS, 
and  1.25  mg  of  collagen. 

3.1    To  Casta  Fibroblasts  in  monolayer  culture  are  released  from  tissue  culture  by 

Free-Floating  FPCL  limited  trypsin  digestion  and  the  freed  cells  suspended  in  DMEM 

with  10  %  FBS  serum.  The  fibroblasts  are  counted  and  50,000- 
100,000  cells  are  utilized  for  every  milliliter  of  FPCL.  The  final 
homogenous  solution  will  contain  1.25  mg  of  collagen  with 
50,000-100,000  fibroblasts  in  1.0  mL  of  DMEM  supplemented 
with  10  %  FBS.  To  reduce  the  number  of  dishes,  while  maintaining 
the  identical  conditions  with  sufficient  number  of  collagen  lattices 
for  determining  significance,  three  or  four  200  uL  aliquots  of  the 
fibroblast-collagen  suspension,  as  individual  beads,  are  pipetted 
into  a  35  mm  or  four  200  uL  aliquots  into  a  60  mm  petri  dish. 
Within  10  min  at  room  temperature,  the  fibroblast-collagen 
suspension  will  have  polymerized  enough  so  that  the  petri  dish  can 
be  transferred  to  an  incubator  set  at  37  °C  for  an  additional  10  min 
to  further  stabilize  the  collagen  matrix.  The  dishes  are  removed 
from  the  incubator  and  1  mL,  to  the  35  mm  dish,  or  3  mL,  to  the 
60  mm  dish,  of  complete  serum  containing  culture  medium  is 
added.  In  some  situations,  the  FPCL  beads  may  need  to  be  gently 
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pushed  off  the  surface  or  edges  of  the  dish  to  induce  free  floating. 
Released  FPCL  will  float  in  culture  medium. 

The  petri  dish  with  the  floating  collagen  lattices  as  shown  in 
Fig.  3a  is  returned  to  the  incubator.  The  advantage  of  this  tech- 
nique is  the  uniformity  of  the  cast  FPCL  and  culture  medium  in 
each  dish,  where  three  or  four  individual  lattices  are  cast  from  the 
same  collagen-cell-medium  suspension  and  maintained  in  the 
same  culture  medium.  Measurements  of  lattice  size  can  start  as 
early  as  4  h  after  casting  the  lattices.  Digital  camera  photographs 
are  taken  with  a  ruler  in  place  and  the  areas  calculated  for  each  lat- 
tice at  each  time  point  using  the  NIH-downloaded  ImageJ 
program.  The  mean  contraction  plus  the  standard  deviation  of  the 
three  or  the  four  lattices  per  dish  are  determined  and  used  to  plot 
lattice  size  changes  over  time  from  cell  locomotion  forces  rearrang- 
ing collagen  fibrils  [9]. 


3.2   To  Cast  an 
Attached-Delayed- 
Released  FPCL 


The  culture  medium,  cell  number,  and  collagen  solution  are  the 
same  as  described  above  for  the  free-floating  FPCL.  However, 
instead  of  the  35  or  the  60  mm  petri  dish  a  tissue  culture  dish  is 
employed.  The  cell-collagen-culture  medium  aliquots  contain  a 
decreased  volume  of  180  uL,  because  the  tissue  culture  dish  surface 
is  hydrophilic  compared  to  the  petri  dish  and  therefore  the  FPCL 
beads  are  more  spread  out,  taking  up  a  greater  area.  Reducing  the 
bead  volume  to  180  uL  will  maintain  the  same -size  FPCL  beads  in 
the  petri  dish  reducing  the  chances  of  the  FPCL  beads  coalescing 
together.  Tissue  culture  dishes  with  attached  FPCL  beads  are 
incubated  for  20  min  in  a  37  °C  incubator.  As  to  minimally  disturb 
the  attached  FPCL,  1  or  3  mL  of  culture  medium  is  carefully  added 
to  each  dish.  At  day  4,  attached  FPCL  beads  are  photographed 
with  a  ruler  in  place.  The  FPCL  beads  are  carefully  freed  from  the 
dish  surface  with  a  spatula  and  the  dish  with  the  three  or  the  four 
floating  lattice  beads  is  returned  to  the  incubator  for  10  min.  The 
incubated  released  FPCL  beads  are  rephotographed  with  the  same 
ruler  in  place.  All  images  are  subjected  to  ImageJ  evaluations, 
where  the  change  in  area  assesses  lattice  contraction  by  a  mechanism 
of  cell  contraction  forces  [10]. 


3.3   To  Cast  a 

High-Cell-Density 

FPCL 


The  culture  medium,  native  collagen  solution,  and  petri  dish 
components  are  all  the  same  as  described  above  for  the  moderate - 
density  free-floating  FPCL.  However,  instead  of  a  moderate 
concentration  of  cells  (50,000-100,000  cells)  per  mL  of  FPCL, 
the  high-density  FPCLs  are  cast  with  500,000-1,000,000  cells  per 
mL  of  FPCL.  To  a  35  or  a  60  mm  petri  dish,  respectively,  three  or 
four  high-cell-density  collagen-culture  medium  mixtures  with  a 
volume  of  200  uL  are  placed  as  separate  beads  on  the  dish  surface. 
The  dishes  with  FPCL  beads  are  transferred  to  an  incubator  set  at 
37  °C  for  10  min  to  stabilize  the  collagen  lattices.  The  addition  of 
1  or  3  mL  of  culture  medium  is  made  to  each  dish,  which  is  then 
returned  to  the  incubator.  Measurements  of  lattice  contraction  can 
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Fig.  4  Moderate-density  versus  high-density  FPCL  contraction  and  cell  morphology.  Panel  a  is  an  FPCL  at  24  h 
cast  with  1 00,000  fibroblasts.  Panel  b  depicts  the  fibroblasts  from  the  FPCL  in  panel  a  stained  with  phalloidin, 
demonstrating  filamentous  actin  filaments.  Panel  c  is  an  FPCL  at  4  h  cast  with  1 ,000,000  fibroblasts.  Panel  d 
depicts  the  fibroblasts  from  the  FPCL  in  panel  c  showing  round  phalloidin-stained  fibroblasts 


start  as  early  as  1  h  after  casting  a  high-cell-density  FPCL  (Fig.  4). 
Digital  camera  photographs  are  taken  with  a  ruler  in  place  every 
hour  up  to  4-6  h  and  the  area  of  images  evaluated.  Lattice 
contraction  proceeds  by  a  mechanism  of  forces  related  to  cell 
elongation  and  retraction  within  the  collagen  lattice  [6]. 

The  fibroblasts  in  the  high-density  cast  FPCLs  are  attempting 
to  spread  out  and  elongate  within  the  collagen  matrix,  but  the 
limited  space  for  cells  to  spread  causes  the  retention  of  a  rounded 
shape  with  very  short  lamellipodia  protrusions.  Due  to  the  high 
density  of  cells  the  enormous  number  of  short  lamellipodia 
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protrusions  is  enough  to  pull  collagen  fibrils  towards  the  cell  body, 
resulting  in  the  compaction  of  the  collagen  matrix. 

Other  cell  types  incorporated  in  collagen  lattices  that  generate 
lattice  contraction  include  smooth  muscle  cells  [11],  keratinocytes 
[12],  Sertoli  cells  [13],  and  melanoma  cells  [14].  All  of  these  cells 
produce  lattice  contraction.  Inflammatory  cells  like  neutrophils 
and  mast  cells  do  not  cause  lattice  contraction  [15,  16]. 
Inflammatory  cells  that  leave  the  circulation  pass  through  the 
blood  vessel  endothelial  cell-lining,  coming  in  contact  with  a 
collagen-rich  matrix.  Neutrophils  and  mast  cells  rapidly  pass 
through  that  connective  tissue  matrix  because  their  interaction 
with  the  collagen  connective  tissue  matrix  does  not  engage  with 
their  cytoskeletal  contractile  apparatus.  They  interact  with  a 
connective  tissue  matrix  without  distorting  it. 


4  Troubleshooting 

One  of  the  major  problems  with  casting  FPCLs  is  the  premature 
polymerization  of  collagen  that  produces  multiple  nonuniform 
FPCLs  that  appear  as  fragmented  collagen  satellites.  The  most 
common  reason  for  this  failure  to  cast  uniform  collagen  lattices  is 
the  premature  polymerization  of  the  collagen  solution  due  to 
warming  of  the  collagen-culture  medium  mixture  before  thor- 
ough blending  and  transfer  to  a  dish  have  occurred.  Maintaining 
the  collagen  solution  in  a  cold  state  while  quickly  blending  the 
components  together  and  immediately  pipetting  the  mixture  into 
dishes  will  prevent  the  premature  polymerization  of  a  native  colla- 
gen solution. 

When  contained  in  a  collagen  matrix,  the  capacity  of  fibroblast 
proliferation  is  dependent  upon  what  species  of  animal  the  fibro- 
blasts were  derived  from.  When  incorporated  into  the  collagen 
matrix,  human  fibroblasts  show  a  4-day  delay  in  cell  division.  In 
contrast,  mouse  and  rat  fibroblasts  divide  within  the  first  24  h.  The 
human  fibroblasts,  like  rodent  fibroblasts,  synthesize  DNA  and  are 
in  a  4N  state  by  24  h,  but  human  fibroblasts  are  trapped  in  the 
G2/M  phase  of  the  cell  cycle  and  require  3  days  to  undergo  cell 
division  [17].  Differences  in  collagen  types  influence  the  rate  and 
degree  of  FPCL  contraction  as  well.  FPCLs  composed  exclusively 
of  type  III  collagen  contract  at  a  faster  rate  and  to  a  greater  degree 
than  lattices  composed  of  type  I  collagen.  In  addition,  FPCLs 
composed  of  type  II  collagen  contract  slower  than  FPCLs  com- 
posed of  type  I  collagen  [18].  FPCLs  composed  of  collagen  iso- 
lated from  hypertrophic  scars  undergoing  contracture  contract 
faster  and  to  a  greater  degree  than  FPCLs  composed  of  collagen 
isolated  from  normal  dermis  [19]. 


3.4  Fibroblasts 
or  Other  Cell  Types 
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Free-floating  FPCLs  treated  with  the  growth  factor  TGF-p 
show  enhanced  lattice  contraction  as  compared  to  untreated  cells  [20]. 
Likewise,  in  ADR-FPCLs,  the  inclusion  of  TGF-p  enhanced  lattice 
contraction  [21].  These  findings  suggest  that  TGF-p  promotes  cell 
contraction  activities,  associated  with  the  myofibroblasts,  as  well  as 
with  cell  translocation  or  locomotion  forces  associated  with  free- 
floating  FPCL  contraction.  It  has  also  been  reported  that  platelet- 
derived  growth  factor  (PDGF)  enhances  high-cell-density  FPCL 
contraction  [5].  There  are  no  reports  of  PDGF  promoting  moder- 
ate or  ADR-FPCL  contraction.  These  findings  support  the  possi- 
bility that  PDGF  enhances  fibroblast  lamellipodia  protrusions. 
Lamellipodia  protrusion  activity  is  associated  with  cell  migration 
and  it  is  reported  that  PDGF  enhances  cell  migration  [22].  Gap 
junctional  intercellular  communication  (GJIC)  has  been  shown  to 
promote  FPCL  contraction  and  disrupting  GJIC  will  retard  FPCL 
contraction  [23].  The  mechanism  of  promotion  of  lattice  contrac- 
tion through  GJIC  is  unclear.  Fibroblast  plasma  membrane  fluidity 
influences  that  rate  of  FPCL  contraction.  Saturated  fatty  acids, 
fatty  acids  containing  no  double  bonds,  can  be  incorporated  within 
the  plasma  membranes  of  fibroblasts  in  monolayer  culture  through 
adding  fatty  acid-saturated  albumen.  As  the  saturated  fatty  acid 
chain  length  increases,  the  plasma  membrane  fluidity  decreases  and 
FPCL  contraction  is  retarded.  Likewise,  decreasing  the  length  of 
the  saturated  fatty  acid  in  the  fibroblast  cell  membrane  increases  its 
fluidity  and  increases  the  rate  of  lattice  contraction  [24]. 
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Chapter  4 


A  Tissue-Engineered  Corneal  Wound  Healing  Model 
for  the  Characterization  of  Reepithelialization 


Karine  Zaniolo,  Patrick  Carrier,  Sylvain  L.  Guerin, 
Frangois  A.  Auger,  and  Lucie  Germain 


Abstract 


Progress  in  tissue  engineering  has  led  to  the  discovery  of  technologies  allowing  reconstruction  of 
autologous  tissues  from  the  patient's  own  cells  and  the  development  of  new  in  vitro  models  to  study  cel- 
lular and  molecular  mechanisms  implicated  in  wound  healing.  The  outer  surface  of  the  eye,  the  cornea,  is 
involved  in  the  sense  of  sight,  thus  an  adequate  reepithelialization  process  after  wounding  is  essential 
in  order  to  maintain  corneal  function.  In  this  chapter,  protocols  to  generate  a  new  in  vitro  three-dimen- 
sional human  corneal  wound  healing  model  suitable  for  studying  the  different  components  that  play 
important  roles  in  corneal  reepithelialization  are  described  in  details.  The  methods  include  extraction  and 
culture  of  human  corneal  epithelial  cells  (HCECs),  human  corneal  fibroblasts,  a  complete  description  of 
the  cornea  reconstructed  by  tissue-engineering  as  well  as  the  corneal  wound  healing  model. 

Key  words  Cornea,  Corneal  epithelial  cells,  Fibroblasts,  Tissue-engineering,  Reepithelialization 
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Abbreviations 


alhcDME-Ham 

hcDME-Ham 

HCEC 

DME 

DMSO 

ECM 

fDME 

Ham 

i3T3 

PBS-P/G/F 
T3 


Air-liquid  corneal  epithelial  cell  culture  medium 
Complete  human  corneal  epithelial  cell  culture  medium 
Human  corneal  epithelial  cells 
Dulbecco's  modified  Eagle's  medium 
Dimethyl  sulfoxide 
Extracellular  matrix 

Human  corneal  fibroblast  culture  medium 
Ham's  F12  medium 
Irradiated  Swiss  3T3 

Phosphate  buffered  saline-Penicillin  G/Gentamicin/Fungizone 
3 ,3 '  ,5 '  -Triiodo-L- thyronine 
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1  Introduction 

The  cornea  is  localized  at  the  outer  surface  of  the  eye.  It  is  highly 
specialized  and  unique  as  a  translucent  organ.  The  cornea  is  con- 
tinually subjected  to  abrasive  forces  and  occasional  mechanical  or 
chemical  trauma  because  of  its  anatomical  localization.  Damages 
to  the  cornea  can  result  in  scarring  or  opacification  that  may  lead 
to  visual  defects  and  even  complete  loss  of  vision.  A  complete  reep- 
ithelialization  and  the  reorganization  of  a  mature  smooth  epithe- 
lium, as  well  as  a  structured  stroma,  is  essential  in  restoring  the 
imaging  properties  of  the  cornea  [1,2].  Therefore,  a  better  under- 
standing of  the  mechanisms  of  corneal  wound  healing  could  help 
develop  new  therapeutic  approaches  to  improve  corneal  wound 
management. 

Several  models  of  wound  healing  have  been  developed  in  order 
to  investigate  the  corneal  mechanisms  of  reepithelialization  and  to 
screen  for  growth  factors  susceptible  to  stimulate  an  adequate  heal- 
ing [3-11].  The  limitations  of  cell  monolayers  in  vitro  models  are 
the  lack  of  epithelial-mesenchymal  interactions  and  the  limited 
epithelium  thickness.  Studies  of  corneal  wound  healing  in  animal 
models  are  expensive  and  interindividual  variability  among  animals 
is  inherent  to  in  vivo  experiments.  Progress  in  tissue  engineering 
resulted  in  the  development  of  tissue-engineered  corneas.  These 
tissues  were  designed  to  mimic  their  in  vivo  counterpart  in  terms 
of  cell  phenotype  and  tissue  architecture  [12].  The  three- 
dimensional  tissue-engineered  corneas  were  intented  for  basic 
research  or  clinical  purposes  [13-15]. 

The  concept  of  the  self-assembly  approach  consists  in  recon- 
structing an  organ  in  a  fashion  resembling  its  formation  in  vivo. 
Appropriate  culture  conditions  induce  cells  to  secrete  a  significant 
amount  of  ECM  as  it  occurs  during  organogenesis  [16,  17]. 
Corneas  reconstructed  by  the  self-assembly  approach  exhibit  a 
well-developed  epithelium  (see  Fig.  2)  that  expresses  differentia- 
tion markers  (such  as  keratin  3  (K3)),  a  stroma,  and  a  well- 
organized  basement  membrane  [18,  19].  The  tissue-engineered 
cornea  also  enables  the  development  of  a  new  in  vitro  model  to 
study  cellular  and  molecular  mechanisms  involved  in  corneal 
wound  healing. 

This  chapter  first  details  methods  for  the  extraction  and  culture 
on  plastic  of  the  cell  types  (human  corneal  epithelial  cells  (HCECs), 
human  corneal  fibroblasts  and  human  dermal  fibroblasts)  that  are 
required  in  order  to  produce  a  tissue-engineered  cornea  in  vitro.  In 
the  second  part,  a  detailed  description  of  the  methods  for  the  gen- 
eration of  tissue-engineered  corneas  by  the  self-assembly  approach 
and  the  tissue -engineered  corneal  wound  healing  model  are 
presented. 
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2  Materials 


2.1   Culture  Media 

2. 1. 1  Tissue 
Transport  Medium 


2. 1.2  Human  Fibroblast 
Culture  Medium  (fDME) 


Preparation  of  tissue  transport  medium  components  (for  final 
concentration  see  Table  1): 


(a) 


(b) 


(c) 


DME-Ham.  Dulbecco's  modified  Eagle's  medium 
(DME):  Ham's  F12  medium  3:1,  3.07  g/L  NaHCOs 
( 36.54  mM),  24.3  mg/L  adenine  (0.18  mM),  312.5  uL/L 
2N  HC1.  Dissolve  in  apyrogenic  ultrapure  water.  Adjust 
pH  to  7.1.  Sterilize  by  filtration  through  a  0.22  um  low- 
binding  disposable  filter.  Aliquot  and  store  at  4  °C. 

Fetal  calf  serum.  Thaw  in  cold  water.  Inactivate  in  hot 
water  (56  °C)  for  30  min.  Distribute  in  single-use  aliquots 
and  store  at  -20  °C. 


Penicillin  G  and  Gentamicin.  Dissolve  50,000  IU/mL  of 
Penicillin  G  and  12.5  mg/mL  of  Gentamicin  sulfate  in  apyro- 
genic ultrapure  water  to  make  a  500x  stock  solution.  Sterilize 
by  filtration  through  a  0.22  um  low-binding  disposable  filter, 
distribute  in  single-use  aliquots  and  store  at  -80  °C. 

(d)  Fungizone.  Dissolve  0.25  mg/mL  of  amphotericin  B 
(0.27  mM),  in  apyrogenic  ultrapure  water  to  make  a  500x 
stock  solution.  Sterilize  by  filtration  through  a  0.22  um 
low-binding  disposable  filter,  distribute  in  single-use  ali- 
quots and  store  at  -80  °C. 

2.  Thaw  all  components  at  4  °C.  To  make  1  L  (Table  1). 

3.  Store  the  transport  medium  at  4  °C. 

1.  Preparation  of  fDME  components  (for  final  concentration 
see  Table  2): 

(a)  DME.  Dulbecco's  modified  Eagle's  medium  (DME), 
3.7  g/L  (44  mM)  NaHC03.  Dissolve  in  apyrogenic  ultra- 
pure  water.  Adjust  pH  to  7 . 1 .  Sterilize  by  filtration  through 
a  0.22  um  low  binding  disposable  filter,  aliquot,  and  store 
at  4  °C. 


Table  1 

Tissue  transport  medium 


Component 

Quantity  (mL) 

Final  concentration 

DME-Ham 

900 

90  %  v/v 

Fetal  calf  serum 

100 

10  %  v/v 

Penicillin  G-Gentamicin  500x 

2 

Penicillin  G  100  IU/mL 
Gentamicin  25  |ig/mL 

Fungizone  500x 

2 

0.5  |ig/mL 
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Table  2 
fDME 


Component 

Quantity  (mL) 

Final  concentration 

DME 

900 

90  %  v/v 

Fetal  calf  serum 

100 

10  %  v/v 

Penicillin  G-Gentamicin  500 

x  2 

Penicillin  G  100  IU/mL 
Gentamicin  25  Ltg/mL 

Table  3 

Complete  hcDME-Ham 

Component 

Quantity  (mL) 

Final  concentration 

DME-Ham 

900 

90  %  v/v 

Fetal  clone  II 

100 

10  %  v/v 

Insulin  l,000x 

1 

5  \xg/mL 

Hydrocortisone  500x 

2 

0.4  |ig/mL 

Cholera  toxin  l,000x 

1 

lO"10  M 

Epidermal  growth  factor 
l,000x 

1 

10  ng/mL 

Transferrin/T3  l,000x 

1 

Transferrin:  5  |ig/mL 
T3:2xlO"9M 

Penicillin  G-Gentamicin 
500x 

2 

Penicillin  G  100  IU/mL 
Gentamicin  25  |ig/mL 

(b)  Fetal  calf  serum  (see  Subheading  2.1.1,  item  lb). 

(c)  Penicillin  G-Gentamicin  (see  Subheading  2.1.1,  item  lc). 

2.  Thaw  all  components  at  4  °C.  To  make  1  L  (Table  2). 

3.  The  fDME  can  be  stored  at  4  °C  for  10  days. 

1.  Preparation  of  hcDME-Ham  components;  thaw  all  compo- 
nents described  (for  final  concentration,  see  Table  3): 

(a)  DME-Ham  (see  Subheading  2.1.1,  item  la). 

(b)  Fetal  clone  II  serum.  Thaw  in  cold  water.  Inactivate  in  hot 
water  (56  °C)  for  30  min.  Distribute  in  single-use  aliquots 
and  store  at  -20  °C. 

(c)  Insulin.  Dissolve  250  mg  in  50  mL  0.005  N  HC1  (125  \iL 
2N  HC1/50  mL  apyrogenic  ultrapure  water)  to  make  a 
l,000x  stock  solution  (0.87  mM).  Sterilize  by  filtration 


2. 1.3  Complete  Human 
Corneal  Epithelial  Cell 
Culture  Medium  (Complete 
hcDME-Ham) 
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through  a  0.22  um  low  binding  disposable  filter,  distribute 
in  single-use  aliquots  and  store  at  -80  °C. 

(d)  Hydrocortisone.  Dissolve  25  mg  in  5  mL  of  95  %  ethanol 
(4.8  mL  99  %  ethanol  /0.2  mL  apyrogenic  ultrapure 
water).  Complete  to  125  mL  with  DME-Ham  (see 
Subheading  2.1.1;  item  la)  to  make  a  500x  stock  solu- 
tion (0.53  mM).  Sterilize  by  filtration  through  a  0.22  (im 
low  binding  disposable  filter,  distribute  in  single-use  ali- 
quots and  store  at  -80  °C. 

(e)  Cholera  toxin.  Dissolve  1  mg  in  1  mL  of  apyrogenic  ultra- 
pure  water.  Complete  to  118.18  mL  with  DME-Ham  (see 
Subheading  2.1.1,  item  la)  supplemented  with  10  % 
(v/v)  Fetal  clone  II  (see  Subheading  2.1.3,  item  lb)  to 
make  a  l,000x  stock  solution  (10~7  M).  Sterilize  by  filtra- 
tion through  a  0.22  um  low  binding  disposable  filter,  dis- 
tribute in  single-use  aliquots  and  store  at  -80  °C. 

(f)  Epidermal  growth  factor.  Dissolve  500  ug  in  2.5  mL  of 
10  mM  HC1.  Complete  to  50  mL  with  DME-Ham  (see 
Subheading  2.1.1,  item  la)  supplemented  with  10  % 
(v/v)  Fetal  clone  II  (see  Subheading  2.1.3,  item  lb)  to 
make  a  l,000x  stock  solution.  Sterilize  by  filtration 
through  a  0.22  um  low  binding  disposable  filter,  distribute 
in  single-use  aliquots  and  store  at  -80  °C. 

(g)  Penicillin  G-Gentamicin  (see  Subheading  2.1.1,  item  lc). 

(h)  Transferrin:  vial  of  600  mg/20  mL.  3, 3', 5'  triiodo-L- 
thyronine  (T3):  Solution  #1.  Dissolve  6.8  mg  of  T3  in  a 
small  volume  (about  3  mL)  of  0.02N  NaOH  (10  uL  10N 
NaOH/4.99  mL  apyrogenic  ultrapure  water).  Complete 
to  50  mL  with  apyrogenic  ultrapure  water.  Sterilize  by  fil- 
tration through  a  0.22  um  low  binding  disposable  filter, 
distribute  in  single-use  aliquots  and  store  at  4  °C.  Mix  the 
transferrin  vial  with  1.2  mL  of  solution  #1  and  complete 
to  120  mL  with  apyrogenic  ultrapure  water  to  make  a 
l,000x  stock  solution.  Sterilize  by  filtration  through  a 
0.22  um  low  binding  disposable  filter,  distribute  in  single - 
use  aliquots  and  store  at  -80  °C. 

2.  Complete  hcDME-Ham  can  be  stored  at  4  °C  for  10  days. 

2.1.4  Air-Liquid  1.  Thaw  all  components  described  in  Subheading  2.1.3,  item  1, 

Human  Corneal  Epithelial  at  4  °C,  with  the  exception  of  epidermal  growth  factor.  To 

Cell  Culture  Medium  make  1  L,  refer  to  Table  4  (see  Note  1 ). 

(alhcDME-Ham)  2.  alhcDME-Ham  can  be  stored  at  4  °C  for  10  days. 


2. 1.5  Freezing  Medium 


1.  Preparation  of  freezing  medium  components. 

(a)  Fetal  calf  serum  (see  Subheading  2.1.1,  item  lb). 
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Table  4 
Alhc-DME 


Component 

Quantity  (mL) 

Final  concentration 

DME-Ham 

900 

90  %  v/v 

Fetal  clone  II 

100 

10  %  v/v 

Insulin  l,000x 

1 

5  ng/mL 

Hydrocortisone  500x 

2 

0.4  Hg/mL 

Cholera  toxin  l,000x 

1 

10"10M 

Transferrin/T3  l,000x 

1 

Transferrin:  5  [ig/mL 
T3:2xlO"9M 

Penicillin  G-Gentamicin  500x 

2 

Penicillin  G  100  IU/mL 
Gentamicin  25  |tg/mL 

Table  5 

Freezing  medium 


Component 

Quantity  (mL) 

Final  concentration 

Fetal  calf  serum 

9 

90  %  v/v 

DMSO 

1 

10  %  v/v 

2.2  Monolayer 
Culture  of  Human 
Dermal  Fibroblasts 

2.2. 1  Extraction 

and  Culture 

of  Human  Fibroblasts 


( b)  Dimethyl  sulfoxide  ( DMSO ) .  Distribute  the  stock  solution 
(99.7  %)  in  single-use  aliquots  and  store  at  -20  °C 
(see  Note  2). 

2.  Thaw  all  components  at  4  °C.  To  make  10  mL  (Table  5). 

3.  Keep  on  ice  or  at  4  °C  (see  Note  3). 

1.  Source  of  human  fibroblasts:  normal  adult  breast  sldn  removed 
by  surgery  (see  Note  4). 

2.  Sterile  container. 

3.  Transport  medium  (see  Subheading  2.1.1). 
4.50  mL  tubes. 

5.  Phosphate  buffered  saline-Penicillin  G/Gentamicin/ 
Fungizone  (PBS-P/G/F):  137  mM  NaCl,  2.7  mM  KC1, 
6.5  mM  Na2HP04,  1.5  mM  KH2P04.  Dissolve  in  apyrogenic 
ultrapure  water  to  make  a  lOx  stock  solution.  Store  at  room 
temperature.  To  dilute  lOx  PBS  to  lx,  add  apyrogenic  ultra- 
pure  water.  Verify  pH  is  7.4.  Store  at  room  temperature.  Before 
use,   add   Penicillin   G-Gentamicin   500x    stock  solution 
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(see  Subheading  2.1.1,  item  lc)  and  Fungizone  500x  stock 
solution  (see  Subheading  2.1.1,  item  Id)  by  diluting  these 
additives  to  lx. 

6.  Petri  dish  (size:  100x15  mm). 

7.  Thermolysin.  Dissolve  500  ug/mL  in  Hepes  lx.  Sterilize  by 
filtration  through  a  0.22  um  low  binding  disposable  filter  and 
store  at  4  °C  (see  Note  3). 

8.  Collagenase  H.  Dissolve  0.125  U/mL  in  fDME  (see 
Subheading  2.1.2).  Sterilize  by  filtration  through  a  0.22  (im 
low  binding  disposable  filter  (see  Note  3). 

9.  Dissecting  curved  forceps. 

10.  Scalpel  and  blade  (size:  22). 

11.  Trypsinization  unit  (Celstir  suspension  culture  flask). 

12.  Parafilm. 

13.  Tissue  culture  flask,  75  cm2. 

14.  fDME  (^Subheading  2.1.2). 


2.2.2  Subculture 
of  Human  Dermal 
Fibroblasts  (Passage) 


2.2.3  Cryopreservation 
of  Human  Dermal 
Fibroblasts 


1.  Complete  fDME-Ham  (see  Subheading  2.1.2). 

2.  Trypsin/EDTA.  2.8  mM  D-glucose,  0.05  %  (w/v)  trypsin 
1-500,  0.00075  %  (v/v)  phenol  red  (Phenol  red  solution 
0.5  %,  sterile-filtered,  ,  100,000  IU/L  penicillin  G,  25  mg/L 
gentamicin,  0.01  %  (w/v)  EDTA  (EDTA,  Disodium  salt). 
Dissolve  in  lx  PBS.  Adjust  pH  to  7.45.  Sterilize  by  filtration 
through  a  0.22  um  low  binding  disposable  filter,  distribute  in 
single-use  aliquots  and  store  at  -20  °C. 

3.  50  mL  tube. 

4.  Tissue  culture  flask,  75  cm2. 

1.  Freezing  medium  (see  Subheading  2.1.5) 

2.  Sterile  cryogenic  vials. 

3.  Freezing  container  filled  with  99  %  ethanol  and  precooled 
at  -20  °C. 


2.2.4  Thawing  of  Human 
Dermal  Fibroblastes 


1.  Complete  fDME-Ham  (see  Subheading  2.1.2). 

2.  Tissue  culture  flasks,  75  cm2. 


2.3  Monolayer 
Culture  of  Human 
Corneal  Fibroblasts 

2.3. 1   Extraction  and 
Culture  of  Human 
Corneal  Fibroblasts 


1.  Source  of  human  corneal  fibroblasts:  normal  cornea  from  post- 
mortem donors  unsuitable  for  transplantation  (Banque  d'yeux 
du  Centre  Universitaire  d'Ophtalmologie  (CUO),  Quebec, 
Canada)  (^eNote  4). 

2.  Sterile  container. 

3.  Transport  medium  (see  Subheading  2.1.1). 
4.50  mL  tubes. 
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5.  PBS-P/G/F  (see  Subheading  2.2.1,  item  5). 

6.  Petri  dish  (size:  100x15  mm). 

7.  Dispase  II.  Dissolve  2  mg/mL  dispase  in  Hepes.  Make  a  lOx 
stock  solution  in  apyrogenic  ultrapure  water:  0.1  M  Hepes, 
67  mM  KC1,  1.42  M  NaCl.  Adjust  pH  to  7.3.  Protect  from 
light  and  store  at  4  °C.  Hepes  lx:  dilute  the  lOx  stock  solution 
to  lx  with  apyrogenic  ultrapure  water  and  add  1  mM  CaCl2. 
Adjust  pH  to  7.45.  Protect  from  light  (see  Note  5)  and  store 
at  4  °C. 

8.  Collagenase  H.  Dissolve  0.125  U/mL  in  fDME  (see 
Subheading  2.1.2).  Sterilize  by  filtration  through  a  0.22  ^m 
low  binding  disposable  filter  (see  Note  3). 

9.  Dissecting  curved  forceps. 

10.  Scalpel  (size:  4)  and  blade  (size:  22). 

11.  Parafilm. 

12.  Tissue  culture  flask,  25  cm2. 

13.  fDME  (^Subheading  2.1.2). 


2.3.2  Subculture 
of  Human  Corneal 
Fibroblasts  (Passage) 


2.3.3  Cryopreservation 
of  Human  Corneal 
Fibroblasts 


2.3.4  Thawing  of  Human 
Dermal  Fibroblasts 

2.4  Monolayer 
Culture  of  Human 
Corneal  Epithelial  Cells 

2.4. 1   Extraction  and 
Culture  of  Human  Corneal 
Epithelial  Cells 


1.  Complete  fDME-Ham  (see  Subheading  2.1.2). 

2.  Trypsin/EDTA  (see  Subheading  2.2.2,  item  2). 

3.  50  mL  tube. 

4.  Tissue  culture  flasks,  75  cm2. 

1.  Freezing  medium  (see  Subheading  2.1.5). 

2.  Sterile  cryogenic  vials. 

3.  Freezing  container,  filled  with  99  %  ethanol  and  precooled  at 
-20  °C. 

1.  Complete  fDME-Ham  (see  Subheading  2.1.2). 

2.  Tissue  culture  flask,  75  cm2. 

1.  Source  of  human  corneal  epitiielial  cells:  human  post-mortem 
donor  corneas  unsuitable  for  transplantation  (Banque  d'yeux 
du  Centre  Universitaire  d'Ophtalmologie  (CUO),  Quebec, 
Canada)  (seeNote  4). 

2.  35  and  100  mm  petri  dishes  (size:  35x10  mm,  and  size: 
100x15  mm). 

3.  Sterile  3  in.  x  3  in.  gauze. 

4.  Scalpel  (#4)  and  blades  (size:  11,  and  size:  22). 

5.  Dissecting  curved  forceps. 

6.  Dissecting  curved  scissor. 

7.  15  and  50  mL  tubes. 
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2.4.2  Subculture 
of  Human  Corneal 
Epithelial  Cells  (Passage) 


8.  PBS-P/G/F  {see  Subheading  2.2.1,  item  5). 

9.  7.5  mm  diameter  trephine. 

10.  Dispase  II  {see  Subheading  2.3.1,  item  7). 

11.  Complete  hcDME-Ham  (^Subheading  2.1.3). 

12.  Tissue  culture  flask,  75  cm2. 

13.  Irradiated  Swiss  3T3  (i3T3)  (ATCC,  #CCL-92).  To  obtain 
about  8-10  xlO6  cells,  seed  lxlO6  cells  in  a  75  cm2  culture 
flask  (Tissue  culture  flask)  with  20  mL  of  DME.  Incubate  for  4 
days  in  8  %  C02, 100  %  humidity  atmosphere  at  37  °C.  Irradiate 
at  6,000  rads  with  a  Gammacell  irradiator  (60Co  source) 
{see  Note  6). 

14.  Dissecting  microscope. 

1.  Complete  hcDME-Ham  {see  Subheading  2.1.3). 

2.  Irradiated  Swiss  3T3  (i3T3)  {see  Subheading  2.4.1,  item  13). 

3.  Trypsin/EDTA  {see  Subheading  2.2.2,  item  2). 
4.50  mL  tubes. 

5.  Tissue  culture  flasks,  75  cm2. 


2.4.3  Cryopreservation 
of  Human  Corneal 
Epithelial  Cells 


1.  Freezing  medium  {see  Subheading  2.1.5). 

2.  Sterile  cryogenic  vials. 

3.  Freezing  container  filled  with  99  %  ethanol  and  precooled 
at  -20  °C. 


2.4.4  Thawing  of  Human 
Corneal  Epithelial  Cells 


2.5  Human  Cornea 
Reconstruction  by 
the  Self-Assembly 
Approach 


1.  Complete  hcDME-Ham  {see  Subheading  2.1.3). 

2.  Tissue  culture  flasks,  75  cm2. 

3.  i3T3  {see  Subheading  2.4.1,  item  13). 

1.  Confluent  corneal  fibroblasts  between  their  5th  and  7th 
passages. 

2.  Confluent  human  fibroblasts  between  their  5th  and  7th 
passages. 

3.  Human  corneal  epithelial  cells  at  80  %  confluence  between 
their  1st  and  3rd  passages  (cocultured  with  i3T3,  see 
Subheading  2.4.1,  item  13). 

4.  Ascorbic  acid.  Dissolve  10  mg/mL  of  ascorbic  acid  in  DME 
{see  Subheading  2.1.1,  la)  to  make  a  200x  stock  solution. 
Sterilize  by  filtration  through  a  0.22  urn  low  binding  dispos- 
able filter  {see  Note  7). 

5.  Culture  media: 

(a)  fDME  {see  Subheading  2.1.2)  containing  50  ug/mL 
ascorbic  acid. 
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(b)  Complete  hcDME-Ham  (see Subheading 2.1.3)  containing 
50  ng/mL  ascorbic  acid. 

(c)  alhcDME-Ham  (see  Subheading  2.1 .4)  containing  50  ng/mL 
ascorbic  acid. 

6.  Ingots  (stainless  steel  grade  #316). 

7.  Merocel®,  Medtronic. 

8.  Anchoring  rings  (stainless  steel  grade  #  316).  Dimension:  3  cm 
diameter,  7/8  in.  wide,  1/8  in.  height. 

9.  Dissecting  curved  forceps. 

10.  Tissue  culture  flasks,  25  cm2. 

11.  Cell  culture  dish  (size:  100x20  mm). 

12.  Petri  dish  (size:  100x15  mm). 

13.  Soldering  iron. 

14.  Anchoring  paper.  Cut  a  circle  with  a  60  mm  diameter  in  a 
Wathman  sheet.  Remove  the  concentric  inside  disk  of  25  mm 
diameter  after  cutting. 

15.  Air-liquid  stand  (homemade  acrylic  stand). 

2.6   Human  Tissue-  1.  Human  tissue-engineered  cornea  reconstructed  by  self-assembly 

Engineered  Corneal  approach  with  epithelial  cells  after  a  week  of  epithelial  matura- 

Wound Healing  Model  tion  at  the  air-liquid  interface  (see  Subheading  2.5). 

2.  Culture  media:  alhcDME-Ham  (see  Subheading  2.1.4)  con- 
taining 50  ng/mL  ascorbic  acid. 

3 .  6  mm  diameter  biopsy  punch. 

4.  Dissecting  curved  forceps. 

5.  Petri  dishes  (size:  100x15  mm). 

6.  One  human  tissue-engineered  stroma  comprising  one  dermal 
and  one  corneal  fibroblast  sheet  that  were  superimposed  and 
cultured  for  an  additional  week  in  fDME  (^Subheading  2.1.2) 
containing  50  ^g/mL  ascorbic  acid. 

7.  Anchoring  paper.  Cut  a  circle  with  a  60  mm  diameter  in  a 
Wathman  sheet.  Remove  the  concentric  inside  disk  of  25  mm 
diameter  after  cutting. 


3  Methods 


3.1  Monolayer 
Culture  of  Human 
Dermal  Fibroblasts 

3. 1. 1   Extraction  and 
Culture  of  Human 
Dermal  Fibroblasts 


1.  Human  fibroblasts  were  obtained  from  normal  adult  breast 
skin  (see  Note  4). 

2.  Transport  and  conservation:  In  the  surgery  room,  put  the  skin 
specimen  into  a  sterile  container  filled  with  cold  (4  °C)  trans- 
port medium. 
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3.  All  further  manipulations  are  performed  under  a  sterile  laminar 
flow  hood  cabinet. 

4.  Wash  the  skin  specimen  in  a  50  mL  tube  containing  30  mL 
PBS-P/G/F.  Agitate  vigorously.  With  sterile  forceps,  transfer 
the  sldn  specimen  in  another  PBS-P/G/F  tube.  Repeat  this 
step  three  times. 

5.  Spread  out  the  skin  specimen,  epidermis  on  the  top,  into  a 
100  mm  petri  dish. 

6.  Cut  the  sldn  in  3  mm x  100  mm  pieces  with  scalpel  (blade  22). 

7.  Add  10  mL  of  warm  (37  °C)  thermolysin.  Seal  the  petri  dish 
with  parafilm. 

8.  Incubate  2-3  h  at  37  °C. 

9.  With  two  curved  forceps,  separate  the  epidermis  from  the  der- 
mis. Put  dermal  pieces  within  a  trypsinization  unit  containing 
20  mL  of  warm  (37  °C)  collagenase  H.  Incubate  under  agita- 
tion, overnight  at  37  °C. 

10.  Collect  the  cellular  suspension.  Put  into  a  50  mL  tube  and  add 
20  mL  of  fDME.  Wash  the  trypsinization  unit  with  10  mL  of 
fDME  and  add  it  to  the  tube  (total  40  mL). 

11.  Count  the  cells  and  measure  the  viability  by  trypan  blue 
staining. 

12.  Centrifuge  cell  suspension  at  300  for  10  min  at  room 
temperature. 

13.  Seed  5  x  105  fibroblasts  in  a  75  cm2  culture  flask  with  15  mL  of 
fDME.  Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at 
37  °C.  Change  culture  medium  three  times  a  week. 

14.  When  the  fibroblasts  reach  confluence,  subculture  {see 
Subheading  3.1.2)  or  freeze  {see  Subheading  1)  cells. 


3.1.2   Subculture  For  a  75  cm2  culture  flask  of  fibroblasts: 

of  Human  Dermal  All  further  manipulations  are  performed  under  a  sterile  laminar 

Fibroblasts  (Passage)  flow  hood  cabinet. 

1.  Remove  medium. 

2.  Wash  the  culture  flask  with  2  mL  of  Trypsin/EDTA  and 
remove  it. 

3.  Add  3  mL  of  Trypsin/EDTA.  Incubate  at  37  °C  until  the  cells 
are  detached  from  the  flask. 

4.  Add  3  mL  of  fDME.  Collect  the  cellular  suspension.  Put  into 
a  15  mL  tube.  Wash  the  flask  with  2  mL  of  fDME,  collect  the 
cellular  suspension  and  add  it  to  the  50  mL  tube  (total  8  mL). 

5 .  Count  the  cells  and  measure  the  viability  by  trypan  blue  stain- 
ing. The  cell  viability  should  be  higher  than  95  %.  Usually,  a 
confluent  culture  flask  contains  four  millions  cells. 
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6.  Centrifuge  cell  suspension  at  300  x^  for  10  min  at  room 
temperature. 

7.  Resuspend  the  cell  pellet  in  a  given  volume  of  fDME. 

8.  Seed  5  x  105  fibroblasts  in  a  75  cm2  culture  flask  with  15  mL  of 
fDME.  Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at 
37  °C.  Change  culture  medium  three  times  a  week. 

All  further  manipulations  are  performed  under  a  sterile  laminar 
flow  hood  cabinet. 

1.  Resuspend  fibroblasts  in  a  given  volume  of  cold  (4  °C)  freezing 
medium  in  order  to  obtain  2  x  106  fibroblasts/mL  (see  Note  2). 

2.  On  ice,  aliquot  in  cryogenic  vials.  Put  them  in  a  Nalgene  freez- 
ing container  filled  with  99  %  ethanol  that  has  previously  been 
cooled  at  -20  °C. 

3.  Freeze  overnight  at  -80  °C,  in  the  freezing  container. 

4.  Within  24  h,  transfer  and  store  in  liquid  nitrogen. 

3. 1.4    Thawing  1 .  Put  the  cryogenic  vial  in  37  °C  water  until  a  small  cluster  of  ice 

of  Human  Fibroblasts  remains . 

2.  All  furtiier  manipulations  are  performed  under  a  sterile  laminar 
flow  hood  cabinet. 

3.  Using  a  pipette,  put  1  mL  of  cold  (4  °C)  fDME  in  the  cryo- 
genic vial.  When  the  ice  is  thawed,  put  cryogenic  vial  content 
in  a  tube  containing  9  mL  of  cold  fDME. 

4.  Count  the  cells  and  measure  the  viability  by  trypan  blue 
staining. 

5.  Centrifuge  cell  suspension  at  300xjj  for  10  min  at  room 
temperature. 

6.  Resuspend  cell  pellet  in  a  given  volume  of  warm  (37  °C) 
fDME. 

7.  Seed  5  x  105  fibroblasts  in  a  75  cm2  culture  flask  with  15  mL  of 
fDME  Ham's.  Incubate  in  8  %  C02,  100  %  humidity  atmo- 
sphere at  37  °C.  Change  culture  medium  three  times  a  week. 


3. 1.3  Cryopreservation 
of  Human  Dermal 
Fibroblasts 


3.2  Monolayer 
Culture  of  Human 
Corneal  Fibroblasts 

3.2. 1  Extraction 
and  Culture  of  Human 
Corneal  Fibroblasts 


1.  Human  corneal  fibroblasts  were  obtained  from  post-mortem 
donor  corneas  unsuitable  for  transplantation  (Banque  d'yeux 
du  Centre  Universitaire  d'Ophtalmologie  (CUO),  Quebec, 
Canada)  (see  Note  4). 

All  further  manipulations  are  performed  under  a  sterile 
laminar  flow  hood  cabinet. 

2 .  Human  corneal  fibroblasts  were  isolated  from  the  stromal  por- 
tion of  the  cornea  (see  Subheading  3.3.1,  steps  1-12). 

3.  Put  the  stroma  in  a  35  mm  petri  dish  and  cut  into  small  pieces 
with  a  #22  scalpel  blade  (see  Note  8). 
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3.2.2  Subculture 
of  Human  Corneal 
Fibroblasts  (Passage) 

3.2.3  Cryopreservation 
of  Human  Fibroblasts 

3.2.4  Thawing 

of  Human  Fibroblasts 

3.3  Monolayer 
Culture  of  Human 
Corneal  Epithelial  Cells 

3.3. 1  Extraction 
and  Culture  of  Human 
Corneal  Epithelial  Cells 


4.  With  a  curved  forcep,  collect  the  pieces  and  put  stromal  pieces 
within  a  trypsinization  unit  containing  20  mL  of  warm  (37  °C) 
collagenase  H  (125  U/mL).  Incubate  under  agitation,  3  h  at 
37  °C. 

5.  Collect  the  cellular  suspension.  Put  into  a  50  mL  tube  and  add 
10  mL  of  fDME.  Wash  die  trypsinization  unit  with  10  mL  of 
fDME  and  add  it  to  the  tube  (total  40  mL). 

6.  Count  the  cells  and  measure  the  viability  by  trypan  blue 
staining. 

7.  Centrifuge  the  cell  suspension  at  300  for  10  min  at  room 
temperature. 

8.  Seed  5  x  105  fibroblasts  in  a  75  cm2  culture  flask  with  15  mL  of 
fDME. 

9.  Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at  37  °C. 
Change  culture  medium  three  times  a  week. 

10.  Wien   the   fibroblasts   reach   confluence,   subculture  (see 
Subheading  3.2.2)  or  freeze  (see  Subheading  3.2.3)  cells. 

1.  Follow  steps  1-8  of  Subheading  3.1.2. 


1.  Follow  steps  1-4  of  Subheading  3.1.3. 


1.  Follow  steps  1-6  of  Subheading  3.1.4. 


1 .  Human  corneal  epithelial  cells  are  obtained  from  human  post- 
mortem donors  corneas  unsuitable  for  transplantation  (Banque 
d'yeux  du  Centre  Universitaire  d'Ophtalmologie  (CUO), 
Quebec,  Canada)  (see  Note  4). 

All  further  manipulations  are  performed  under  a  sterile 
laminar  flow  hood  cabinet. 

2.  Wash  the  eye  in  a  50  mL  tube  containing  30  mL  PBS-P/G/F. 
Agitate  gently  1-2  min.  With  sterile  forceps,  transfer  the  eye  in 
another  tube  filled  with  PBS-P/G/F.  Repeat  this  step  three 
times. 

3.  Place  the  eye  into  a  100  mm  petri  dish. 

4.  Surround  the  eye  with  folded  sterile  gauze.  This  helps  in  hold- 
ing the  eye  without  having  to  touch  it. 

5.  With  the  #11  scalpel  blade,  make  a  small  opening  of  2-3  mm. 

6.  With  curved  scissors,  cut-out  the  cornea  in  order  to  obtain 
only  the  limbus  and  central  cornea.  Avoid  leaving  sclera  to 
eliminate  conjunctival  epithelial  cell  contamination. 
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7.  With  two  curved  forceps,  peel-off  the  iris.  Do  this  step  while 
holding  the  cornea  in  the  air  to  avoid  any  damage  to  the 
epithelium  during  the  procedure. 

8.  Place  the  limbus  into  a  35  mm  petri  dish.  The  limbal  ring  is 
obtained  by  separating  the  limbus  from  the  central  cornea  with 
a  7.5  mm  diameter  trephine. 

9.  Add  5  mL  of  cold  (4  °C)  dispase  II.  Seal  the  petri  dish  with 
parafilm. 

10.  Incubate  overnight  at  4  °C. 

11.  With  2  curved  forceps,  mechanically  separate  the  epithelium 
and  endothelium  (with  Descemet's  membrane)  from  the 
stroma  under  a  dissecting  microscope. 

12.  Keep  the  corneal  stroma  for  corneal  fibroblast  isolation  (see 
Subheading  3.2.1). 

13.  Put  the  epithelium  in  a  35  mm  petri  dish  and  cut  into  small 
pieces  with  a  #22  scalpel  blade  (see  Note  8). 

14.  With  a  plastic  pipette,  collect  the  pieces  with  2x5  mL  of  warm 
(37  °C)  complete  hcDME-Ham.  Put  into  a  15  mL  tube. 

15.  Centrifuge  at  300  xjj for  10  min  at  room  temperature. 

16.  Seed  1  x  106  epithelial  cells  and  1.5  x  106  i3T3  by  75  cm2  cul- 
ture flask  with  20  mL  of  complete  hcDME-Ham.  Incubate  in 
8  %  C02,  100  %  humidity  atmosphere  at  37  °C.  Change  cul- 
ture medium  three  times  a  week. 

17.  When  the  human  corneal  epithelial  cells  reach  80  %  conflu- 
ence, subculture  (see  Subheading  3.2.2)  or  freeze  (see 
Subheading  3.2.3)  cells. 


3.3.2   Subculture  For  a  75  cm2  culture  flask  of  human  corneal  epithelial  cells: 

of  Human  Corneal  All  further  manipulations  are  performed  under  a  sterile  laminar 

Epithelial  Cells  (Passage)        flow  hood  cabinet. 

1.  Remove  medium. 

2.  Wash  the  culture  flask  with  2  mL  of  warm  (37  °C)  Trypsin/ 
EDTA  and  remove  it. 

3.  Add  8  mL  of  Trypsin/EDTA.  Incubate  at  37  °C  until  the  cells 
are  detached  from  the  flask. 

4.  Add  8  mL  of  complete  hcDME-Ham  (37  °C).  Collect  the  cell 
suspension.  Put  into  a  50  mL  tube.  Wash  the  flask  with  2  mL 
of  complete  hcDME-Ham,  collect  the  cell  suspension  and  add 
it  to  the  50  mL  tube  (total  18  mL). 

5 .  Count  the  cells  and  measure  the  viability  by  trypan  blue  stain- 
ing. The  cell  viability  should  be  superior  to  80  %. 

6.  Centrifuge  cell  suspension  at  300  xjf  for  10  min  at  room 
temperature. 
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3.3.3  Cryopreservation 
of  Human  Corneal 
Epithelial  Cells 

3. 3. 4  Thawing  of  Human 
Corneal  Epithelial  Cells 


3.4  Human  Tissue- 
Engineered  Cornea 
Reconstruction 
by  the  Self-Assembly 
Approach 

3.4. 1  Assembly  of 
Fibroblast  Sheets  for 
Stromal  Reconstruction 


7.  Resuspend  the  cell  pellet  in  a  given  volume  of  complete 
hcDME-Ham. 

8.  Seed  5xl05  to  lxlO6  keratinocytes  and  1.5  xlO6  i3T3  by 
75  cm2  culture  flask  with  20  mL  of  complete  hcDME-Ham. 
Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at  37  °C. 
Change  culture  medium  three  times  a  week. 

1.  Follow  steps  1-4  of  Subheading  3.1.3. 


1.  Follow  steps  1-6  of  Subheading  3.1.4  but  seed  5  x10s  to 
1  x  106  keratinocytes  and  1.5  x  106  i3T3  by  75  cm2  culture  flask 
with  20  mL  of  complete  hcDME-Ham. 

All  further  manipulations  are  performed  under  a  sterile  laminar 
flow  hood  cabinet. 

1 .  Seed  2  x  105  corneal  fibroblasts  by  25  cm2  culture  flask  in  5  mL 
of  fDME  containing  50  ug/mL  ascorbic  acid  (see  Note  7). 
Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at  37  °C. 
Change  culture  medium  three  times  a  week. 

2.  Seed  2  x  105  dermal  fibroblasts  by  25  cm2  culture  flask  in  5  mL 
of  fDME  containing  50  ug/mL  ascorbic  acid  (see  Note  7). 
Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at  37  °C. 
Change  culture  medium  three  times  a  week. 

3.  After  40  days,  open  the  top  of  the  flask  with  a  soldering  iron. 

4.  Using  curved  forceps,  detach  carefully  one  corneal  fibroblast 
sheet.  Transfer  and  inverse  it  into  a  100  mm  cell  culture  dish 
(upper  surface  of  the  fibroblast  sheet  must  be  in  contact  with 
the  bottom  of  the  cell  culture  dish). 

5.  Anchor  peripherally  the  fibroblast  sheet  with  ingots.  Move 
one-by-one  ingots  towards  the  tissue  periphery  to  flatten  the 
fibroblast  sheet. 

6.  Detach  a  dermal  fibroblast  sheet,  transfer  and  inverse  it  on  the 
first  corneal  fibroblast  sheet.  Repeat  step  5  of  this  section, 
resulting  in  human  tissue-engineered  stroma. 

7.  Place  a  Merocel®  sponge  (that  has  been  cut  to  fit  within  the 
ingots)  on  top  of  the  superimposed  fibroblast  sheets.  Keep 
Merocel®  sponge  in  place  with  ingots. 

8.  Add  25  mL  of  fDME  containing  50  ug/mL  ascorbic  acid  (see 
Note  7).  Incubate  in  8  %  C02,  100  %  humidity  atmosphere  at 
37  °C. 

9.  After  2  days,  remove  Merocel®  sponge  and  ingots.  Incubate 
in  8  %  C02,  100  %  humidity  atmosphere  at  37  °C.  Change 
culture  medium  three  times  a  week. 
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3.4.2  Assembly  of  All  further  manipulations  are  performed  under  a  sterile  laminar 

Tissue-Engineered  corneas     flow  hood  cabinet. 

1 .  One  week  after  the  stacking  of  fibroblast  sheets,  remove  culture 
medium  and  seed  1.5  xlO6  human  corneal  epithelial  cells 
within  the  anchoring  ring  (from  a  suspension  of 3.75  x  106  cells/ 
mL  of  complete  hcDME-Ham).  Incubate  in  8  %  C02,  100  % 
humidity  atmosphere  at  37  °C. 

2.  Three  hours  later,  add  25  mL  of  complete  hcDME-Ham  con- 
taining 50  ng/mL  ascorbic  acid  (see  Note  7).  Incubate  in  8  % 
C02,  100  %  humidity  atmosphere  at  37  °C.  Change  culture 
medium  three  times  a  week. 

3 .  Five  hours  later,  anchoring  ring  can  be  removed. 


3.4.3  Maturation  of  the 
Tissue-Engineered  Cornea: 
Culture  at  the  Air-Liquid 
Interface 


All  further  manipulations  are  performed  under  a  sterile  laminar 
flow  hood  cabinet. 

1.  One  week  after  the  seeding  of  human  corneal  epithelial  cells, 
remove  culture  medium  and  ingots. 

2.  Using  curved  forceps,  detach  carefully  the  reconstructed 
cornea  from  the  bottom  of  the  cell  culture  dish. 

4.  Place  the  reconstructed  cornea  on  the  anchoring  paper  center- 
ing it  in  order  that  the  area  with  corneal  epithelial  cells  is  on 
top  of  the  aperture. 

5.  Put  air-liquid  stand  in  a  petri  dish. 

6.  Lift  tissue-engineered  cornea  together  with  the  anchoring 
paper  and  transfer  it  on  the  air-liquid  stand. 

7.  Add  20  mL  of  alhcDME-Ham  containing  50  ^g/mL  ascorbic 
acid  (see  Notes  7  and  9).  Incubate  in  8  %  C02, 100  %  humidity 
atmosphere  at  37  °C.  Change  culture  medium  three  times  a 
week. 


3.5  Human  Tissue- 
Engineered  Corneal 
Wound  Healing 

3.5.1  Reconstructed 
Cornea  Wounding 


All  further  manipulations  are  performed  under  a  sterile  laminar 
flow  hood  cabinet. 

1.  After  a  week  of  epithelial  maturation  at  the  air-liquid  interface, 
using  curved  forceps,  put  in  a  petri  dish  the  tissue-engineered 
cornea  with  its  anchoring  paper. 

2.  Wound  the  tissue-engineered  cornea  using  a  6  mm  diameter 
punch  (see  Fig.  1). 

3.  Carefully  detach  the  wounded  tissue-engineered  cornea  from 
the  bottom  of  the  petri  dish  and  place  it  over  a  second  human 
tissue-engineered  stroma  also  placed  on  an  anchoring  paper 
(one  dermal  and  one  corneal  fibroblast  sheet  that  were  super- 
imposed and  cultured  for  an  additional  week  in  fDME  con- 
taining 50  ng/mL  ascorbic  acid  (Fig.  2)  (see  Notes  7). 

4.  Put  a  air-liquid  stand  in  a  petri  dish. 
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Fig.  1  Macroscopic  aspect  of  the  wound  in  the  human  tissue-engineered  corneal  wound  healing  model 
(hTECWH).  hTECWH  immediately  (a,  c)  and  2  days  (b,  d)  after  wounding  with  a  6  mm  punch  biopsy.  Two  days 
after  wounding,  the  reepithelialization  progressing  from  the  wound  margin  toward  the  center  can  be  observed 
macroscopically  (arrows).  Note  that  in  (c)  and  (d),  the  angle  of  the  camera  and  the  omission  of  the  flash 
allowed  us  to  properly  visualize  the  extent  of  reepithelialization  from  the  surrounding  epithelium.  Taken  from 
Carrier  et  al.  [18]  with  permission 


5.  Lift  the  wounded  reconstructed  cornea  and  the  second  tissue - 
engineered  stroma  together  with  the  two  anchoring  papers 
and  transfer  them  on  an  air-liquid  stand. 

6.  Add  20  mL  of  alhcDME-Ham  containing  50  ug/mL  ascorbic 
acid  (see  Notes  7  and  9).  Incubate  in  8  %  C02, 100  %  humidity 
atmosphere  at  37  °C.  Change  culture  medium  three  times  a 
week. 

Note:  This  human  tissue-engineered  corneal  wound  healing  model 
can  be  cultivated  at  the  air-liquid  interface  for  3-5  days  at  the  end 
of  which  the  reepithelialization  is  complete  and  the  surface  can  be 
photographed  for  reepithelialization  rate  measurement  before  pro- 
cessing for  biopsies. 

The  three-dimensional  in  vitro  wound  healing  model  described 
in  the  present  study  comprises  a  corneal  epithlium  on  a  stroma. 
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Fig.  2  Histology  of  the  in  vitro  human  tissue-engineered  corneal  wound  healing  model  (hTECWH)  3  days  after 
wounding  and  treated  (b,  d)  or  not  (a,  c)  with  fibrin.  Sections  were  stained  with  Masson's  trichrome  (cells  are 
pinkand  collagen  bluish),  (a)  Composite  picture  showing  a  complete  view  of  the  hTECWH.  (b)  When  a  fibrin  clot 
was  added  onto  the  wounds,  reepithelialization  was  accelerated,  (c)  Higher  magnification  shows  the  histologi- 
cal organization  of  the  unwounded  side  of  the  hTECWH.  (d)  Suprabasal  epithelial  cells  at  the  tip  of  the  migrat- 
ing epithelial  tongue  (MET)  (*)  elongated  over  the  basal  cells  to  make  contact  with  the  fibrin  matrix.  Scale  bar: 
1 00  urn.  Taken  from  Carrier  et  al.  [1 8]  with  permission 


It  is  devoid  of  any  synthetic  material.  This,  fully  human,  tissue- 
engineered  corneal  wound  healing  model  allows  reepithelialization 
by  corneal  epithelial  cell  migration  over  a  natural  matrix  after 
wounding.  This  model,  produced  from  living  fibroblasts  and 
untransformed  human  corneal  epithelial  cells,  mimics  many  aspects 
of  the  reepithelialization  process  including  cell  migration,  prolif- 
eration and  the  restoration  of  a  stratified  epithelium  (Figs.  1  and  2). 
It  is  interesting  to  note  the  special  pattern  of  migrating  cells  that 
produce  convex  fronts  (Fig.  1).  This  particular  characteristic  was 
observed  in  corneal  healing  in  vivo  [20],  ex  vivo  in  human  [21] 
and  in  animal  models  [22]  as  well  as  in  vitro  after  wounding  con- 
fluent epithelial  cell  cultures  on  plastic  [23]. 

This  completely  biological  wound  healing  model  is  very  prom- 
ising to  dissect  the  mechanisms  involved  in  the  corneal  reepitheli- 
alization process.  Moreover,  the  positive  or  negative  effect  of  an 
exogenous  factor  such  as  growth  factors  or  drugs  on  corneal  reepi- 
thelialization can  be  quantified.  This  model  is  also  suitable  for  toxi- 
cological  and  pharmacological  studies. 
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4  Notes 

1 .  Serum  must  be  added  first  followed  by  insulin.  Insulin  must  be 
added  with  a  sterile  plastic  pipette. 

2.  DMSO  is  an  oxidative  agent  toxic  for  cells,  especially  at  tem- 
perature above  10  °C.  Thus,  it  must  be  used  at  4  °C. 

3.  This  solution  must  be  prepared  the  day  of  its  use. 

4.  Protocols  were  approved  by  the  institution's  committee  for  the 
protection  of  human  subjects. 

5.  When  exposed  to  light,  Hepes  buffer  may  undergo  degrada- 
tion and  become  toxic. 

6.  i3T3  should  be  kept  1  week  in  8  %  C02, 100  %  humidity  atmo- 
sphere at  37  °C.  However,  the  cell  yield  may  fall  by  approxi- 
mately 10-15  %  per  day. 

7.  Ascorbic  acid  must  be  prepared  immediately  before  use  and 
protected  from  light. 

8.  Change  scalpel  blade  and  clean  other  instruments  (forceps) 
between  eye  specimens. 

9.  The  lower  surface  of  the  reconstructed  cornea  must  be  in 
direct  contact  with  culture  medium. 
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Chapter  5 


Adult  Stem  Cells  in  Small  Animal  Wound  Healing  Models 

Allison  C.  Nauta,  Geoffrey  C.  Gurtner,  and  Michael  T.  Longaker 

Abstract 

This  chapter  broadly  reviews  the  use  of  stem  cells  as  a  means  to  accelerate  wound  healing,  focusing  first  on 
the  properties  of  stem  cells  that  make  them  attractive  agents  to  influence  repair,  both  alone  and  as  vehicles 
for  growth  factor  delivery.  Major  stem  cell  reservoirs  are  described,  including  adult,  embryonic,  and 
induced  pluripotent  cell  sources,  outlining  the  advantages  and  limitations  of  each  source  as  wound  healing 
agents,  as  well  as  the  possible  mechanisms  responsible  for  wound  healing  acceleration.  Finally,  the  chapter 
includes  a  materials  and  methods  section  that  provides  an  in-depth  description  of  adult  tissue  harvest 
techniques. 

Key  words  Adult  stem  cells,  Adipose  derived  stromal  cells,  Bone  marrow  derived  mesenchymal  cells 


1  Introduction 

Although  many  species  (such  as  salamanders,  the  Australian  skink, 
and  the  flatworm)  are  capable  of  complete  regeneration  in  response 
to  injury,  most  adult  human  organs  lack  this  ability  and  generally 
replace  lost  or  damaged  tissue  with  more  disorganized,  weaker  tissue. 
Adult  skin  is  not  capable  of  replacing  itself  with  architecturally 
organized  collagen.  However,  the  process  of  wound  repair  is 
generally  efficient,  involving  the  interplay  of  complex  and  highly 
evolved  biological  pathways. 

Evolution  has  favored  accelerated  wound  closure  over  perfecting 
the  architecture  of  regenerated  tissue.  Therefore,  in  healthy  indi- 
viduals, wounds  tend  to  close  quicldy  and  with  the  appearance  of 
scar.  However,  in  unhealthy  patients,  the  process  of  wound  healing 
can  be  delayed,  causing  the  development  of  chronic  ulcers  that  can 
take  months  to  years  to  heal.  This  delay  in  wound  healing  can 
result  in  prolonged  hospital  stays  and  periods  of  disability,  as  weli 
as  exacerbation  of  chronic  disease.  Additionally,  when  wounds 
finally  heal,  scar  formation  can  be  severe,  resulting  in  functional 
impairment  and  cosmetically  unfavorable  outcomes.  As  a  result  of 
these  clinical  obstacles,  researchers  have  devoted  a  tremendous 
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amount  of  resources  to  developing  gene  therapies  that  either  [1] 
accelerate  healing  or  [2]  diminish  the  appearance  of  scar. 

Gene  therapy,  the  insertion  of  a  target  gene  into  a  recipient 
cell,  initially  emerged  for  the  purpose  of  treating  congenital  defects 
[1].  However,  as  gene  therapy  has  evolved,  the  technology  has 
gained  popularity  for  broader  applications,  such  as  the  develop- 
ment of  wound  healing  therapies.  In  wound  repair,  the  goal  is  to 
transiently  increase  the  expression  of  specific  growth  factors  to 
improve  angiogenesis,  increase  cell  proliferation  and  improve  cell 
migration  until  complete  wound  closure.  The  skin  is  a  convenient 
model  for  studying  the  effects  of  gene  therapy  because  the  process 
of  wound  healing  occurs  over  a  relatively  short  time  period,  mak- 
ing transient  over-  or  under-expression  ideal.  Additionally,  changes 
in  wound  physiology  are  easily  monitored  due  to  the  location  of 
the  skin  on  the  surface  of  the  body. 

Stem  cells  are  attractive  candidates  for  gene  therapy  and  tissue 
regeneration  due  to  their  ability  to  self-renew  and  differentiate  into 
various  specialized  cell  types.  Stem  cells  also  have  the  tendency  to 
home  to  areas  of  tissue  injury  [2].  As  a  result,  these  cells  can  serve 
as  vehicles  for  growth  factor  and  cytoldne  delivery  to  the 
wound  bed. 

The  fertilized  oocyte  produces  two  generations  of  totipotent  cells, 
cells  that  are  capable  of  forming  all  tissues  of  the  embryo  and 
trophoblasts  of  the  placenta.  Beyond  these  two  generations,  the 
progeny  become  specialized  to  form  the  blastocyst  and  inner  cells 
mass  (ICM),  which  is  comprised  of  pluripotent  cells  capable  of 
producing  the  three  primary  germ  cell  layers — endoderm,  mesoderm, 
and  ectoderm — but  not  the  placenta  or  supporting  tissues  [3]. 
Embryonic  stem  cells  (ESCs)  are  derived  from  the  ICM  and  have  been 
recognized  as  a  promising  source  of  cells  for  tissue  regeneration. 

Embryonic  stem  cells  derived  from  mice,  monkeys,  and 
humans  have  been  studied  in  culture  and  are  theoretically  capable 
of  maintaining  pluripotency  indefinitely  if  maintained  under  proper 
culture  conditions  [3-5].  If  culture  conditions  are  altered,  ESCs 
can  directionally  differentiate  to  cells  of  any  of  the  three  germ 
layers,  traditionally  through  the  induction  of  embryoid  body  for- 
mation. With  the  use  of  strictly  maintained  culture  conditions  that 
mimic  in  vivo  environmental  conditions,  research  groups  have 
been  able  to  show  commitment  to  all  three  germ  layers  [6-8]. 

To  specifically  study  ESC  differentiation  into  epidermis  (ecto- 
dermal lineage),  research  groups  have  found  that  exposure  to  in 
vivo-like  conditions  is  essential,  using  bone  morphogenic  protein-4 
signaling  [9]  and  exposure  to  extracellular  matrix  (ECM)  [10]. 
ESC  differentiation  to  epidermal  lineage  can  be  directed  by  several 
cytoldnes  and  growth  factors  alone  and  in  combination:  Fibroblast 
Growth  Factor  2  (FGF-2),  Transforming  Growth  Factor  Beta  1 
(TGF-pi),  Epidermal  Growth  Factor,  Platelet  Derived  Growth 


1.1  Gene  Therapy: 
Stem  Cell  Sources 

1. 1. 1  Embryonic 
Stem  Cells 
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Factor  (PDGF),  vitamin  C,  and  retinoic  acid  [11].  Keratinocytes 
derived  from  ESCs  have  the  ability  to  terminally  differentiate  and 
form  epidermis -like  tissue,  and  early  ectodermal  progenitors 
expressing  K17  capable  of  contributing  to  appendages  or  the 
periderm  have  been  identified  [12,  13].  Using  an  organotypic  cul- 
ture model,  ESCs  have  been  stimulated  to  produce  a  stratified 
epidermal-like  structure  that  not  only  histologically  resembles 
mouse  dermis  and  epidermis  but  also  approximates  the  dynamic 
developmental  program  observed  in  vivo  [9]. 

Despite  these  advances,  there  are  still  many  barriers  to  the  use 
of  embryonic  stem  cells  in  skin  tissue  regeneration.  For  example, 
researchers  have  been  unable  to  define  culture  conditions  that  can 
reliably  maintain  a  homogeneous  population  of  ESCs,  progenitor 
cells  capable  of  becoming  more  than  one  cell  type,  or  terminally 
differentiated  cells  in  vitro.  This  information  is  essential  to  the 
development  of  ESC-derived  cell  therapy  because  of  the  risk  of 
teratoma  formation  following  cell  injection  [14].  Some  researchers 
suggest  that  sequential  treatment  with  growth  factor  combinations 
can  enrich  for  epidermal  stem  cell  lineages  and  those  specific  popu- 
lations can  be  isolated  using  cell  marker/separation  techniques. 
Similar  protocols  have  been  used  to  purify  ESC-derived  cardio- 
myocytes  and  oligodendrocytes  [15,  16]. 

Although  advances  have  been  made  in  expanding  and  purify- 
ing cultures  of  mouse  ESC-derived  epithelial  cells  and  their  pro- 
genitors, ethical  and  legal  barriers  to  the  use  of  human  ESC-derived 
cells  will  likely  delay  or  prevent  the  use  of  these  cells  in  clinical 
trials.  The  use  of  human  ESCs  in  clinical  therapeutics  may  require 
immunosuppression  to  prevent  rejection.  Furthermore,  traditional 
in  vitro  methods  of  maintaining  undifferentiated  human  ESCs 
involve  the  use  of  mouse  fibroblast  feeders.  This  culture  method 
has  limited  translational  application,  and  more  recent  methods  that 
substitute  human  fetal  fibroblasts,  adult  human  epithelial  cells, 
foreskin  cells,  or  Matrigel/laminin  matrix  conditioned  by  mouse 
embryonic  fibroblasts  (MEFs)  still  raise  concerns  regarding  good 
manufacturing  practice  (GMP)  conditions  [17-19]. 

1. 1.2  Induced  Pluripotent  In  response  to  the  ethical  and  legal  limitations  of  embryonic  stem 
Stem  Cells  cell  based  therapy,  many  stem  cell  researchers  have  shifted  focus  to 

reprogramming  differentiated  cells  to  pluripotency.  In  2006, 
Takahashi  and  Yamanaka  published  a  landmark  paper  that  defined 
a  set  of  four  transcription  factors — octamer  3/4  (Oct4),  SRY  box- 
containing  gene  2  (Sox2),  Kruppel-like  factor  4  (Klf4),  and 
c-Myc — that,  when  used  in  combination,  are  sufficient  to  repro- 
gram  adult  mouse  fibroblasts  into  ES-like  induced  pluripotent 
stem  cells  (iPS  cells)  [20].  Subsequently,  the  same  defined  factors 
were  shown  to  be  sufficient  for  reprogramming  human  cells  [21]. 
Further  research  aimed  at  the  refinement  of  reprogramming  mech- 
anisms has  shown  that  other  combinations  of  transcription  factors 
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are  possible  and  that  the  only  gene  that  is  essential  to  reprogram- 
ming  in  both  adult  and  human  cells  (as  in,  cannot  be  substituted 
for)  is  Oct4  [22]. 

Induced  pluripotent  stem  cell  technology  has  been  validated 
with  other  cell  types  and  holds  great  promise  for  translational 
therapy.  Theoretically,  adult  cells  could  be  harvested,  repro- 
grammed,  and  directionally  differentiated  for  use  in  patient- 
specific  therapies.  Patient-specific  iPS  technology  would  provide 
the  opportunity  for  cell-based  therapy  without  the  need  for  immu- 
nosuppressants, hi  cases  of  a  known  genetic  defect,  iPS  gene  therapies 
could  restore  cellular  function  and  be  used  to  overcome  illness. 
Moreover,  iPS  cells  are  unique  pluripotent  stem  cells  that  avoid  the 
ethical  and  legal  arguments  that  prevent  ESCs  from  becoming 
frontrunner  gene  therapy  candidates.  However,  most  protocols 
developed  for  directed  differentiation  of  iPS  cells  are  based  on  ESC 
differentiation  protocols,  suggesting  that  these  technologies 
should  be  investigated  in  parallel. 

Induced  pluripotent  stem  cells  are  attractive  to  the  field  of 
regenerative  medicine,  but  there  are  still  major  obstacles  preventing 
the  use  of  these  cells  in  humans.  First  generation  methods  of  repro- 
gramming  somatic  cells  involve  lentiviral  vector  transfer,  which, 
due  to  the  risk  of  integration  and  insertional  mutagenesis,  would 
likely  prevent  iPS  research  from  reaching  the  level  of  FDA  approval 
for  clinical  trials.  Nonviral  methods  of  exogenously  expressing 
transcription  factors,  such  as  nanoparticle,  protein,  and  minicircle 
vectors  [23-25],  have  been  developed  to  address  these  concerns; 
however,  these  technologies  are  in  their  infancy  and  are  not  yet 
efficient.  Small  molecules  can  be  used  to  both  modulate  epigenetic 
changes  and  inhibit  cellular  differentiation  pathways.  Valproic  acid, 
DNA  methyltransferase  inhibitors,  and  the  histone  methyltransfer- 
ase  inhibitor  BIX-01294  have  been  shown  to  both  increase  the 
efficiency  of  reprogramming  and  serve  as  surrogates  for  one  or 
more  transcription  factors  [26-30]. 

Induced  pluripotent  stem  cells  are  defined  by  the  ability  to 
produce  teratoma  with  in  vivo  injection  [31].  This  characteristic  is 
as  much  a  flaw  as  it  is  an  asset,  as  uncontrolled  differentiation  could 
lead  to  tumor  development  rather  than  the  generation  of  specific 
tissue  types.  Researchers  have  attempted  to  address  this  concern  by 
bypassing  the  pluripotent  state  through  conversion  of  one  adult 
cell  type  to  another.  Vierbuchen  et  al.  demonstrated  that  direct 
conversion  from  one  adult  cell  type  to  another  was  possible  through 
exposure  to  high  expression  levels  of  lineage -specific  transcription 
factors  [32].  However,  it  is  possible  that  a  small  number  of  rare 
multipotent  cells  are  responsible  for  the  group's  findings,  and 
lentiviral  vectors  were  used  to  induce  conversion  from  one  cell  type 
to  another [32]. 
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Finally,  the  generation  of  pluripotent  cells  from  adult  cells  is 
inefficient,  as  only  a  small  number  of  cells  become  germ-line  - 
competent  iPS  cells  [31].  There  is  also  a  subset  of  cells  that  become 
only  partially  reprogrammed,  making  these  cells  incapable  of  pro- 
ducing cells  of  all  three  germ  layers  without  continuous  exposure 
to  reprogramming  factors  [20].  Some  researchers  believe  that  all 
cells  are  capable  of  being  reprogrammed  and  that  only  a  few  com- 
plete the  process,  while  others  believe  that  only  an  "elite"  group  of 
cells  possess  reprogramming  ability  [33]. 

1.1.3  Adult  Tissue-  While  ESCs  and  iPS  cells  are  considered  pluripotent,  possessing 

Derived  Stem  Cells  the  ability  to  produce  tissue  of  all  three  germ  layers,  there  are  sub- 

sets of  cells  in  the  adult  human  that  retain  some  degree  of  multipo- 
tency,  the  ability  to  differentiate  into  more  than  one  tissue  type. 
These  cells  have  been  identified  in  various  niches  throughout  the 
human  body  and  contribute  to  the  regeneration  of  their  respective 
organ  tissues.  These  cells  are  referred  to  as  adult  tissue  derived 
stem  cells,  and  are  thought  to  be  promising  sources  for  the  devel- 
opment of  patient-specific  treatments.  The  utility  of  these  sources 
is  determined  by  the  accessibility,  yield,  and  ease  of  harvest,  the 
ability  to  expand  and  maintain  cells  in  culture,  and  the  capacity  of 
the  cells  to  contribute  to  tissue  regeneration  after  implantation. 

Two  promising  sources  of  adult  stem  cells  have  been  found  in 
the  bone  marrow  and  in  the  stromal  vascular  portion  of  adipose 
tissue.  Bone  marrow  derived  mesenchymal  cells  (BM-MSCs)  are 
fibroblast-lilce  cells  found  in  the  bone  marrow  that  are  thought  to 
provide  microenvironmental  support  for  hematopoietic  cells. 
These  cells  have  the  ability  to  adhere  to  plastic  in  culture  and  dif- 
ferentiate into  fat,  cartilage,  and  bone  [34,  35]. 

It  is  now  believed  that  fibroblast-like  mesenchymal  cells  exist 
throughout  the  body  and  can  be  found  in  most  connective  tissue 
and  organs.  Adipose  derived  stromal  cells  (ASCs)  in  particular  have 
been  isolated  from  the  subcutaneous  fat  of  both  mice  and  humans 
and  have  been  shown  to  possess  similar  characteristics  to  BM-MSCs. 
These  cells  reach  all  the  aforementioned  criteria  and  are  arguably 
even  more  attractive  candidates  for  cell-based  therapy,  as  a  large 
number  of  cells  could  be  isolated  through  the  minimally  invasive 
technique  of  lipoaspiration  [36]. 

Differentiation  is  a  physiological  process  by  which  an  unspecialized 
cell  becomes  more  specialized  through  the  upregulation  and/or 
downregulation  of  specific  genes.  Differentiation  capacity  is  defined 
by  a  cell's  ability  to  become  various  tissue  types;  unipotent  cells  are 
only  capable  of  maintaining  one  cell  type,  whereas  multipotent 
cells  are  capable  of  becoming  multiple  cell  types,  and  pluripotent 
cells  can  differentiate  into  cells  of  all  three  primary  germ  layers. 
Differentiation  in  vitro  can  either  occur  spontaneously  or  in  a 
directed  and  controlled  manner.  Embryonic  stem  cells  (ESCs) 


1.2  Tissue 
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have  the  tendency  to  spontaneously  differentiate  if  cultured  under 
suboptimal  and  crowded  conditions.  After  differentiation,  cell 
sorting  can  select  for  specific  cells  for  use  in  targeted  cell  replace- 
ment therapies.  If  directed  and  controlled  differentiation  of  ESCs 
is  desired,  the  cells  are  traditionally  converted  to  embryonic  bodies 
(EBs),  then  exposed  to  growth  factors  and  cytokines  that  direct  the 
cells  to  the  desired  cell  lineage. 

1.2.2  Cell  Fusion  Cell  fusion  is  an  unlikely  method  by  which  stem  cells  contribute  to 

tissue  regeneration.  There  are  some  reports  in  the  literature  show- 
ing that  implanted  autologous  adult  stem  cells  are  capable  of  fusing 
with  cells  in  the  native  tissue,  producing  a  tetraploid  cell.  However, 
it  is  unclear  how  these  cells  replicate,  and  the  incidence  of  cell 
fusion  is  thought  to  be  extremely  low  [37]. 

1.2.3  Transdifferentiation      Transdifferentiation  is  the  conversion  of  one  specialized  cell  type 

to  another.  Although  many  authors  have  attempted  to  demon- 
strate this  process  in  vivo,  few  publications  are  able  to  definitively 
show  that  adult  stem  cells — or  any  partially  or  fully  differentiated 
cells — are  capable  of  contributing  to  the  architecture  of  regenera- 
tive tissue.  It  is  more  likely  that  implanted  cells  survive  in  the  heal- 
ing environment  for  a  set  period  of  time;  during  this  time,  these 
cells  secrete  growth  factors  and  cytokines  that  both  augment  the 
healing  process  and  activate  local  and  distant  endogenous  stem  cell 
reservoirs  that  contribute  to  tissue  regeneration. 

1.2.4  Paracrine  Effects        Many  reports  suggest  that  cell-based  therapies  may  contribute  to 

tissue  regeneration  mainly  through  paracrine  mechanisms.  In  car- 
diac studies,  transplanted  cells  were  shown  to  release  growth 
factors  and  cytoldnes  that  stimulate  native  endothelial  cell  prolif- 
eration, an  observation  that  is  supported  by  studies  in  other  tissue 
models  [38,  39]. 


1.3   Small  Animal  Although  in  vitro  studies  can  provide  valuable  information,  tradi- 

Wound  Healing  Models  tional  culture  conditions  lack  the  three  dimensional  quality  and 
dynamic  paracrine  interactions  that  exist  in  the  wound  healing 
environment.  Newer  "organotypic"  in  vitro  systems  simulate  the 
stratified  squamous  epithelial  environment  of  native  skin  and  have 
provided  a  more  biologically  relevant  model  for  studying  wound 
repair  [45,  46]. 

Despite  the  advances  in  the  development  of  "living  sldn  substi- 
tutes," small  animal  wound  healing  models  remain  necessary  to 
study  the  complexity  of  mammalian  tissue  repair.  Specifically,  the 
most  widely  used  species  used  as  a  model  for  studying  human  dis- 
ease is  the  laboratory  mouse.  Although  there  are  many  docu- 
mented differences  between  the  structure  and  physiology  of 
mouse  and  human  sldn  [47-50],  wound  healing  models  designed 
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Fig.  1  Excisional  Wound  Healing  Model,  (a)  Full  thickness  6  mm  skin  wounds  are  placed  at  the  same  level  on 
the  dorsum  of  mice,  (b)  Rubber  washers  are  placed  around  the  perimeter  of  the  wounds  and  are  sutured  in 
place  to  splint  the  skin  and  isolate  reepithelialization 


with  these  differences  in  mind  can  provide  valuable  translational 
information. 

Many  small  animal  wound  healing  models  have  been  designed 
to  study  skin  pathology,  and  Wong  et  al.  has  provided  a  compre- 
hensive overview  of  these  protocols  [51].  One  of  the  most  com- 
monly used  wound  healing  models  is  the  excisional  wound  healing 
model.  This  model  can  be  used  to  evaluate  cell-based  therapies  for 
wound  healing  and  skin  regeneration.  Although  excisional  wound 
healing  models  have  been  employed  for  many  years,  the  protocols 
have  evolved  to  better  approximate  human  physiology.  While 
human  skin  heals  primarily  by  reepithelialization,  mouse  skin  has 
greater  laxity;  therefore,  70-80  %  of  mouse  wound  healing  occurs 
through  contraction  [50].  To  control  for  contraction  and  isolate 
epithelialization,  a  rubber  washer  can  be  sutured  around  the  perim- 
eter of  the  wound  to  splint  the  skin  [50]  (Fig.  1 ).  Once  wounds  are 
created,  cell  based  therapies  can  be  applied,  and  wounds  are  then 
followed  over  the  course  of  healing  to  track  phenotypic  wound 
healing  changes. 


1.4   Delivery  The  skin's  major  function  is  to  act  as  a  barrier;  therefore,  foreign 

Of  Cell-Based  Gene  gene  transfer  to  native  cells  is  challenging.  Rather  than  employing 

Therapy  ex  vivo  and  in  vivo  methods  of  gene  transfer  to  endogenous  fibro- 

blasts and  keratinocytes,  stem  cell-based  gene  therapy  focuses  on 
the  transfer  of  genes  to  cells  that  are  known  to  release  growth  fac- 
tors and  cytokines  and  act  through  paracrine  mechanisms  to  stimu- 
late chemotaxis  and  accelerate  healing. 


1.5  Delivery  of  DNA  Traditional  methods  of  gene  transfer  involve  the  use  of  modified 
to  Cells  viruses.  However,  as  previously  described,  new  technologies  have 

allowed  for  gene  transfer  and  circumvent  the  risk  of  insertional 
mutagenesis.  Continued  advances  in  gene  transfer  technology  will 
hopefully  eliminate  the  need  for  modified  virus  transfection  and 
allow  for  the  use  of  gene  therapies  in  clinical  trials. 
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1.6   In  Vivo  Cell  Even  if  safe,  effective,  and  efficient  gene  delivery  is  achieved, 

Survival  environmental  barriers  prevent  stem  cell  therapies  from  achieving 

maximum  efficacy  in  vivo.  The  wound  bed  is  an  extremely  hostile 
environment  for  implanted  cells.  Hypoxia,  mechanical  forces, 
inflammation,  ischemia,  infection,  and  low  pH  are  all  environmen- 
tal conditions  that  cause  apoptosis  in  the  wound  bed. 

It  is  generally  thought  that  strategies  developed  to  increase 
stem  cell  survival  following  in  vivo  implantation  would  augment 
the  efficacy  of  cell-based  therapies.  However,  a  recent  publication 
suggests  that  an  appropriate  balance  between  cell  survival  and 
apoptosis  may  be  a  more  appropriate  goal.  In  a  recent  publication, 
Fang  et  al.  describe  the  role  of  caspases  3  and  7  in  the  recruitment 
of  progenitor  or  stem  cells  in  wound  healing  and  tissue  regenera- 
tion. Caspases  3  and  7  are  proteases  that  are  activated  in  apoptosis 
and  stimulate  cell  death.  This  group  describes  a  "Phoenix  Rising" 
pathway  that  stimulates  these  caspases  to  activate  downstream 
Prostaglandin  E2,  which  has  been  shown  to  promote  progenitor 
and  stem  cell  recruitment  [52].  This  finding  is  particularly  interest- 
ing given  the  belief  that  one  of  the  major  limitations  of  gene  ther- 
apy is  in  vivo  cell  viability.  If  both  paracrine  signals  from  live 
implanted  cells  and  "Phoenix  Rising"  activation  of  caspases  con- 
tribute to  wound  healing,  it  would  be  interesting  to  investigate  an 
appropriate  balance  between  cell  survival  and  cell  death. 

Despite  the  known  antioxidant  properties  of  stem  cells  [53, 
54],  implanted  cells  show  low  survival  rates  in  vivo.  Cell  based 
therapies  have  limited  delivery  efficiency,  and  failure  to  protect 
cells  from  the  acute  inflammatory  environment  and  oxidative  stress 
causes  cell  death  [55].  Technologies  aimed  at  improving  in  vivo 
stem  cell  delivery  and  survival  could  maximize  the  influence  of  cell - 
based  therapies  on  wound  healing.  Increased  survival  could  be 
achieved  through  over-expression  of  anti-apoptotic  genes  (and 
conversely,  knockdown  of  apoptosis-related  genes),  treatment  of 
stem  cells  with  novel  small  molecules  that  act  tiirough  anti- 
apoptotic  mechanisms,  or  through  improved  delivery  agents  that 
mechanically  protect  the  cells  from  injury. 

Current  delivery  systems  rely  largely  on  cell  injection,  topical 
administration,  and  spray-based  preparations.  However,  novel  bio- 
gels,  microparticles,  and  foams  may  contour  better  to  the  surface 
of  complex  wounds,  obviating  the  need  for  foreign  materials  that 
can  act  as  fomites  and  increase  infection  rates.  Ideal  products  for 
stem  cell  delivery  would  be  available  off-the-shelf  and  take  little 
preparation  time.  These  preparations  would  be  of  particular  utility 
in  acute  traumatic  wounds  that  may  require  immediate  inflammatory 
control. 

The  wound  bed  is  a  diverse  and  dynamic  environment,  with 
cells  at  the  center  of  the  wound  bed  behaving  quite  differently 
from  cells  at  the  wound  margin;  likewise,  cells  deep  in  the  wound 
bed  behave  quite  differently  from  cells  at  the  surface  [56]. 
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Increasingly  complex  micro-electro-mechanical  (MEMS) 
technologies  applied  to  wounds  could  allow  for  precise  detection 
of  changes  in  oxygenation,  pH,  temperature,  and  ion  levels  with 
improving  spatial  resolution.  Through  microfluidic  channels,  this 
technology  could  allow  for  precise  delivery  of  cell  and  growth 
factor  combinations  to  specific  regions  of  the  wound  bed. 

Smart  biomaterials  may  allow  the  recruitment  of  local  and 
systemic  sources  of  stem  cells,  exploiting  the  body's  innate  regen- 
erative capacity.  These  scaffolds  may  become  increasingly  biomi- 
metic,  incorporating  into  the  wound  bed  or  dissolving  when 
necessary  [57]. 

Finally,  composite  dressings  with  layer-specific  stem  cells  may 
allow  the  delivery  of  dermal  mesenchymal-based  or  epidermal 
ectodermal-based  therapies  to  deep  and  superficial  wounds. 


1.7  Replacement 
Skin  Engineering 


Although  the  gold  standard  for  skin  coverage  to  treat  extensive 
skin  injury  is  the  skin  graft,  this  procedure  is  imperfect,  as  it  requires 
either  harvest  from  the  patient  (creating  an  issue  of  supply)  or  the 
use  of  cadaver  sldn.  A  more  ideal  method  of  therapy  would  not 
only  provide  coverage  from  an  abundantly  available  source,  but 
also  encourage  the  reconstitution  of  normal  sldn  architecture. 
Therefore,  many  scientists  have  focused  on  engineering  replace- 
ment sldn  seeded  with  cells  that  release  paracrine  factors.  Cells  can 
be  derived  locally  (such  as  fibroblasts,  keratinocytes,  melanocytes, 
adipocytes,  hair  follicle  cells,  and  sldn  progenitor  cells)  or  systemi- 
cally  (such  as  cells  in  the  bone  marrow  system).  Studies  indicate 
that  progenitor  cells  produce  a  more  favorable  outcome  than  dif- 
ferentiated keratinocytes  in  bioengineered  sldn  [58]. 

Although  these  advances  are  encouraging,  currently  used  sldn 
substitutes  are  not  fully  functional.  These  tissues  lack  key  compo- 
nents of  normal  sldn  such  as  hair  follicles,  sweat  and  sebaceous 
glands.  Adult  hair  follicle  dermal  cells  could  be  another  potential 
source  of  cells  for  creation  of  skin  substitutes.  When  grafted  in 
combination  with  hair  follicle  buds,  fresh  prepared  dermal  cells 
reconstitute  haired  sldn  in  immunodeficient  mice.  This  result 
depends  on  the  concentration  of  dermal  papilla  cells  contained  in 
the  dermal  cell  preparation  [59].  The  inherent  inductive  properties 
of  these  cells  result  in  new  follicle  creation,  while  stem  cell  capabili- 
ties allow  these  cells  to  produce  dermal  replacement  [60]. 


1.8  Methods  of 
(Adult)  Stem  Cell 
Isolation 


Although  this  review  broadly  discusses  all  stem  cell  sources  that  are 
investigated  in  the  development  of  wound  healing  technology,  a 
detailed  discussion  of  the  methods  involved  in  isolating  all  cell 
types  would  be  exhaustive  and  outside  the  scope  of  this  chapter. 
Therefore,  the  methods  described  will  focus  mainly  on  adult  tissue 
derived  stem  cells  that  are  used  routinely  in  small  animal  wound 
healing  models.  For  a  comprehensive  review  of  iPS  cell  isolation, 
please  reference  the  recent  review  by  Maherali  et  al.  [40]. 
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2  Materials 


2.1   Mouse  Bone 
Marrow  Derived 
Mesenchymal  Stem 
Cells  (BM-MSCs) 


2.2  Mouse  Adipose 
Derived  Stromal  Cells 
(mASCs) 


1.  5  Mice  at  5-6  weeks  of  age. 

2.  Ice. 

3.50  mL  polypropylene  conical  tubes. 

4.  100  %  alcohol. 

5.  Spray  bottle  containing  70  %  alcohol. 

6.  Culture  media  containing  Dulbecco's  Modified  Eagle  Medium 
with  GlutaMAX™  with  10  %  Fetal  Bovine  Serum  and  1  % 
Penicillin-Streptomycin. 

7.  BD  Luer-Lok™  3  mL  syringes. 

8.  16.5  Gauge  needles. 

9.  6  Well  culture  plate  for  serial  Betadine  washes. 

10.  Ice  cold  Phosphate  Buffered  Saline  pH  7.4. 

11.  Betadine  Topical  Microbicide  Solution. 

12.  10-Blade  disposable  scalpels. 

13.  Surgical  instruments,  including  forceps  and  surgical  scissors. 

14.  Corning®  9  in.  glass  disposable  Pasteur  pipettes. 

15.  Fisherbrand*  sterile  polystyrene  disposable  10  mL  surgical  pipettes. 

16.  10  cm  sterile  plastic  tissue  culture  plates. 

1.  3-5  Mice  at  5-6  weeks  of  age. 

2.  Ice. 

3.  Cold  sterile  PBS  7.4. 

4.  Betadine  topical  microbicide  solution. 

5.  6-well  Sterile  culture  plate. 

6.50  mL  sterile  polypropylene  conical  tubes. 

7.  100  \im  cell  strainer. 

8.  Tissue  culture  media  (DMEM  + GlutaMAX™,  10  %  FBS,  1  % 
Penicillin  Streptomycin). 

9.  Surgical  instruments  including  forceps  and  scissors. 

10.  Styrofoam  shipping  container  lid. 

11.  Tacks. 

12.  100  %  alcohol. 

13.  Spray  bottle  containing  70  %  alcohol. 

14.  Collagenase  type  II. 

15.  lx  Hanks  Balanced  Salt  Solution  (HBSS). 

16.  Corning®  9  in.  glass  disposable  Pasteur  pipettes. 

17.  Sterile  Polystyrene  10  mL  sterile  surgical  pipettes. 
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3  Methods 


3.1   Mouse  Bone 
Marrow  Derived 
Mesenchymal  Stem 
Cells  (BM-MSCs) 


There  are  many  protocols  in  the  literature  describing  techniques  of 
adult  tissue -derived  stem  cell  isolation.  Mouse  bone  marrow 
derived  MSCs  are  particularly  challenging  to  isolate  and  maintain 
in  culture  due  to  low  yield  and  the  expansion  of  non-MSC  lineages 
with  increasing  passage  number.  Xu  et  al.  recently  published  an 
updated  protocol  that  controls  for  these  variables,  involving 
mechanical  crushing  of  bones,  collagenase  digestion,  and  immu- 
nodepletion  using  three  antibodies  [41].  Although  this  protocol 
may  be  an  improvement  over  traditional  methods,  the  protocol  is 
fairly  labor  intensive.  It  is  generally  accepted  that  BM-MSCs  may 
be  defined  by  their  adherence  to  plastic  [42].  Therefore,  the  fol- 
lowing protocol  describes  the  materials  and  methods  of  the  tradi- 
tional protocol  used  in  our  laboratory  to  isolate  bone  marrow 
derived  MSCs. 

1.  Prepare  6  well  plate  with  serial  betadine  washes  (100  %  betadine 
in  first  well,  50  %  betadine/50  %  PBS  in  second  well,  and 
100  %  PBS  in  remaining  4  wells).  Place  on  ice. 

2.  Fill  one  50  mL  conical  tube  with  cold  PBS  and  place  on  ice  for 
bone  harvest. 

3.  Fill  one  50  mL  conical  tube  with  100  %  alcohol  to  cleanse 
instruments  between  animals. 

4.  Euthanize  one  mouse  with  C02  asphyxiation  and  neck  disloca- 
tion (or  as  indicated  in  APLAC-approved  protocol). 

5.  Place  mouse  supine  on  a  clean  benchtop  and  spray  with  70  % 
ethanol.  Elevate  the  skin  off  the  peritoneum  using  forceps  and 
create  a  small  midline  abdominal  incision  with  surgical  scissors. 
Using  scissors  and  continuing  to  separate  the  sldn  from  the 
abdominal  viscera,  extend  the  excision  caudally  to  one 
hindlimb,  as  far  as  the  paw.  Deglove  the  left  hindlimb  by 
separating  the  skin  and  subcutaneous  tissue  from  the  bone, 
muscle,  and  tendons.  Perform  this  procedure  with  care,  avoiding 
contamination  with  fur  (Fig.  2a).  After  degloving  the  limb,  use 
scissors  to  dislocate  the  limb  at  the  hip  and  ankle  joint.  Harvest 
the  limb,  place  on  ice  (Fig.  2b),  and  repeat  this  procedure  on 
the  contralateral  hindlimb. 

6.  Once  both  limbs  are  isolated,  for  each,  dislocate  the  tibia  and 
fibula  from  the  femur  at  the  patellar  joint  using  a  10  blade 
scalpel.  Stabilize  the  tibia  with  forceps  and  use  the  scalpel  to 
scrape  muscle  and  connective  tissue  from  the  bone  (Fig.  2c). 
Once  isolated,  wash  the  bone  with  serial  betadine  washes  in  the 
6-well  plate.  Place  the  tibia  in  the  50  mL  conical  tube  with 
cold  PBS.  Repeat  this  procedure  with  the  femur. 
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Fig.  2  Mouse  Bone  Marrow  Derived  Mesenchymal  Stem  Cell  (BM-MSC)  Harvest,  (a)  Exposed  intact  hindlimb 
with  skin  dissection.  Once  the  entire  limb  is  exposed,  dislocate  at  the  hip  with  a  single  cut  of  the  scissors  (not 
shown),  (b)  Harvested  hindlimb.  (c)  Harvested  tibia,  separated  from  femur  at  patellar  joint  and  cleaned  by 
scraping  muscle  and  soft  tissue  down  to  bone,  (d)  Tibia  in  cell  culture  dish.  Expose  bone  marrow  cavity  by 
cutting  either  end  of  the  bone  with  a  10-blade  scalpel,  (e)  The  bone  marrow  contents  of  the  tibia  are  flushed 
into  a  50  mL  conical  for  collection.  After  harvest  is  complete,  the  bone  marrow  contents  are  centrifuged,  and 
the  cell  pellet  is  collected  for  plating  in  cell  culture  medium 

7.  Repeat  all  aspects  of  this  procedure  with  the  remaining  mice. 
Take  great  care  to  wash  instruments  in  alcohol  between  ani- 
mals and  prevent  contamination. 

8.  Once  all  bones  are  harvested,  place  50  mL  conical  tube  with 
harvested  bones  in  the  sterile  tissue  culture  hood. 

9.  Empty  bones  and  PBS  into  one  10  cm  plastic  culture  plate. 
With  clean  forceps,  remove  one  bone  from  the  culture  plate 
and  place  in  another  sterile  10  cm  culture  plate.  Using  a  sterile 
10-blade  disposable  scalpel,  cut  off  the  ends  of  the  bone  to 
expose  the  bone  marrow  (Fig.  2d). 

10.  Fill  a  sterile  Laur-Lok  syringe  with  ice  cold  PBS  and  load  a 
16.5  gauge  needle  on  the  syringe.  Place  the  tip  of  the  needle  in 
the  hollow  bone  marrow  cavity  and,  holding  the  bone  over  an 
empty,  sterile  50  mL  conical  tube,  inject  ice  cold  PBS  into  the 
cavity,  flushing  the  bone  marrow  contents  and  collecting  the 
cells  in  the  conical  tube  (Fig.  2e). 

11.  Repeat  this  procedure  with  all  harvested  bones,  refilling  the 
syringe  as  needed. 
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12.  Once  all  harvested  bones  are  flushed,  centrifuge  the  bone 
marrow  contents  for  5  min  at  1,000  rpm  and  4  °C. 

13.  After  centrifugation,  aspirate  PBS  from  the  conical  tube  in  the 
tissue  culture  hood,  taking  great  care  to  leave  an  intact  pellet  at 
the  base. 

14.  Resuspend  the  tissue  pellet  in  10  mL  of  culture  media  and 
plate  in  10  cm  sterile  plastic  cell  culture  plate.  Incubate  for 
24  h. 

15.  At  24  h,  aspirate  the  media  and  wash  the  cells  with  warm  PBS 
twice.  Replace  culture  media.  Repeat  this  procedure  every 
24  h  until  the  cells  reach  confluence. 

3.2  Mouse  Adipose 
Derived  Stromal  Cells 
(mASCs) 


1.  Prepare  6  well  plate  with  serial  betadine  washes  (100  %  beta- 
dine  in  first  well,  50  %  betadine/50  %  PBS  in  second  well,  and 
100  %  PBS  in  remaining  4  wells).  Place  on  ice. 

2.  Fill  one  50  mL  conical  tube  with  cold  PBS  and  place  on  ice  for 
fat  harvest. 

3.  Fill  one  50  mL  conical  tube  with  100  %  alcohol  to  cleanse 
instruments  between  animals. 

4.  Euthanize  one  mouse  with  C02  asphyxiation  and  neck  disloca- 
tion (or  as  indicated  in  APLAC-approved  protocol). 

5.  Place  mouse  supine  on  a  clean  paper  towel  wrapped  around 
Styrofoam  shipping  container  lid  and  spray  animal  with  70  % 
ethanol.  Elevate  the  skin  off  the  peritoneum  using  forceps  and 
create  a  small  midline  abdominal  incision  with  surgical  scissors. 
Using  scissors  and  continuing  to  separate  the  sldn  from  the 
abdominal  viscera,  extend  the  excision  caudally  to  one 
hindlimb,  as  far  as  the  paw  (Fig.  3a). 

6.  Stabilize  lower  extremity  in  place  by  placing  a  tack  through  the 
foot  and  securing  into  the  Styrofoam  surface.  Extend  the  mid- 
line skin  incision  to  the  axilla  using  scissors  and  dissect  sldn 
away  from  the  peritoneum.  Secure  the  skin  away  from  the 
peritoneum  with  a  tack  through  the  tissue  and  Styrofoam 
(Fig.  3b).  Dissect  and  harvest  groin  fat  from  the  surface  of  the 
peritoneum  and  the  sldn  that  wraps  around  the  dorsum  of  the 
animal  (Fig.  3c). 

7.  Once  all  fat  is  isolated  from  the  groin,  perform  serial  betadine 
washes  and  place  fat  in  50  mL  conical  tube  with  ice  cold  PBS. 


There  are  many  protocols  that  describe  isolation  techniques  of 
mouse  adipose  derived  stromal  cells.  However,  most  techniques 
share  the  same  steps  of  isolation,  digestion,  neutralization,  and 
centrifugation  [43].  Our  laboratory  has  found  the  below  protocol 
to  be  both  reliable  and  reproducible. 
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Fig.  3  Mouse  Adipose  Derived  Stromal  Cell  (ASC)  Harvest,  (a)  After  a  midline  incision  is  made  with  scissors,  inci- 
sion is  extended  caudally  to  distal  tibia,  (b)  Skin  dissected  away  from  hindlimb,  exposing  groin  adipose  tissue, 
(c)  Groin  adipose  tissue  is  harvested  using  scissors  and  forceps,  (d)  Adipose  tissue  is  collected  in  a  tissue  culture 
dish  in  the  cell  culture  hood,  (e)  Adipose  tissue  is  minced  in  the  tissue  culture  dish  using  surgical  scissors, 
(f)  Minced  adipose  tissue  is  collected  in  a  50  mL  conical  tube  containing  collagenase  type  II  solution 


8.  Repeat  this  procedure  on  the  contralateral  side  of  the  animal 
and  for  the  remaining  2-4  mice. 

9.  Once  all  adipose  tissue  is  isolated,  place  the  50  mL  conical 
containing  harvested  tissue  in  the  sterile  tissue  culture  hood 
(still  on  ice). 

10.  Prepare  solution  of  collagenase  type  II  in  HBSS.  Weigh  22.5  mg 
of  collagenase  and  dissolve  in  30  mL  of  HBSS  in  a  sterile  50  mL 
conical  tube.  Filter  contents  through  a  Sterigrip  cell  strainer  for 
use  in  cell  culture.  Place  sterile  conical  containing  this  solution  in 
a  water  bath  at  37  °C  to  activate  the  collagenase. 

11.  Empty  the  contents  of  the  50  mL  conical  tube  containing  har- 
vested tissue  into  one  10  cm  sterile  plastic  culture  dish  (Fig.  3d). 

12.  Aspirate  the  PBS  from  the  culture  plate,  taking  great  care  not 
to  aspirate  the  fat  itself.  Wash  the  tissue  twice  with  ice  cold 
PBS,  aspirating  the  PBS  between  washes. 

13.  Mince  the  washed  fat  pads  with  clean  surgical  scissors  until  tis- 
sue is  completely  minced  (Fig.  3e).  Remove  the  50  mL  conical 
tube  containing  collagenase  solution  from  the  water  bath  and 
empty  the  minced  adipose  tissue  into  the  collagenase  solution. 
Use  a  cell  scraper  to  collect  remaining  tissue  from  the  culture 
plate  (Fig.  3f). 
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14.  Secure  the  top  of  the  50  mL  conical  containing  the  tissue  in 
collagenase  solution.  Shake  vigorously,  then  place  in  a  shaking 
water  bath  set  at  37  °C. 

15.  Allow  the  tissue  to  digest  at  37  °C  in  the  shaking  water  bath. 
Every  10  min  for  a  total  of  30  min,  remove  the  50  mL  conical 
from  the  water  bath  and  spray  with  70  %  alcohol  and  wipe 
clean  with  a  paper  towel.  Remove  the  top  of  the  conical  to 
release  air  pressure  and  replace,  securing  the  top  tightly. 

16.  After  30  min,  spray  the  50  mL  conical  with  70  %  alcohol  and 
place  in  culture  hood.  Neutralize  the  digestion  mixture  with 
30  mL  of  media,  which  will  require  transfer  of  half  of  the  con- 
tents of  the  tube  to  another  50  mL  conical. 

17.  Centrifuge  the  two  50  mL  conical  tubes,  each  containing 
approximately  30  mL,  for  5  min  at  1,000  rpm  and  4  °C. 

18.  Aspirate  the  supernatant  (floating  lipid-like  faction  first,  fol- 
lowed by  underlying  liquid),  leaving  approximately  1  mL  of 
supernatant  and  the  tissue  pellet  at  the  bottom  of  each  tube. 

19.  Resuspend  each  pellet  with  10  mL  of  culture  media.  Strain  the 
contents  of  each  conical  into  one  sterile  50  mL  conical  with 
tissue  strainer.  Centrifuge  the  strained  tissue  media  for  5  min  at 
1,000  rpm  and  4  °C. 

20.  Aspirate  culture  media,  leaving  tissue  pellet  at  the  bottom  of 
the  50  mL  conical.  Resuspend  pellet  in  10  mL  of  culture  media 
and  plate  on  a  10  cm  sterile  plastic  culture  plate.  Incubate  for 
24  h  at  37  °C. 

21.  Twenty-four  hours  later,  aspirate  media  and  wash  cells  with 
warm  PBS  twice.  Replace  media.  Repeat  this  process  every 
24  h  until  cells  reach  confluence. 

3.3  Human  Adipose  Isolation  protocols  for  human  adipose  derived  stromal  cells 
Derived  Stromal  Cells  (hASCs)  are  similar  to  the  procedure  involved  in  mASC  harvest. 
(hASCs)  Briefly,  adipose  tissue  is  isolated  from  lipoaspirate  obtained  from 

white  adipose  tissue.  The  tissue  must  be  washed  in  betadine  and 
PBS  before  digested  in  collagenase  type  II  to  break  down  the 
extracellular  matrix  (ECM).  After  the  tissue  is  digested,  the  tissue 
is  neutralized  and  centrifuged,  resuspended  in  culture  media,  and 
strained  before  it  is  resuspended  and  plated  for  cell  culture.  These 
cells  are  then  routinely  washed  until  reaching  confluence.  Although 
the  cells  plated  represent  many  cell  types  at  first,  it  is  generally 
accepted  that  ASCs  are  adherent  to  plastic,  and  cells  from  hemato- 
poietic lineages  are  eliminated  as  cells  are  passaged  [44].  Once  the 
cells  are  grown  out  in  culture,  these  cells  can  be  used  in  immuno- 
deficient  mouse  wound  healing  models. 
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4  Conclusion 

Diverse  cell  types  such  as  ESCs,  adult  tissue -derived  stem  cells, 
resident  tissue  stem  cells,  and  iPS  cells  have  enormous  potential  for 
tissue  generation,  as  the  cells  both  contribute  to  regeneration  and 
release  growth  factors  to  affect  wound  healing  through  paracrine 
mechanisms.  Further  investigation  into  the  experimental  and  clini- 
cal applications  of  cell-based  therapies  in  wound  healing  is  neces- 
sary to  identify  the  ideal  source  of  stem  cells  and  the  most  efficacious 
mode  of  delivery.  Autologous  adult  tissue  derived  stem  cells  hold 
great  promise  for  the  development  of  patient-specific  therapies, 
while  other  technologies  will  likely  require  many  more  years  of 
dedicated  research  to  reach  the  bedside. 
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Chapter  6 


Novel  Animal  Models  for  Tracking  the  Fate 
and  Contributions  of  Bone  Marrow  Derived  Cells 
in  Diabetic  Healing 

Robert  C.  Caskey  and  Kenneth  W.  Liechty 
Abstract 


There  is  a  vast  wealth  of  information  to  be  gained  by  tracking  both  the  fate  and  contribution  of  individual 
cell  types  to  the  wound  healing  response.  This  is  particularly  important  in  research  focused  on  impaired 
healing,  such  as  diabetic  wound  healing,  where  the  number  or  function  of  one  or  more  specific  cell  types 
may  be  abnormal  and  contribute  to  the  observed  healing  derangements.  Specifically,  diabetic  wounds  have 
been  shown  to  have  an  overactive  inflammatory  response  and  decreased  angiogenesis.  The  ability  to  track 
specific  cell  types  participating  in  these  responses  would  dramatically  improve  our  understanding  of  the 
cellular  derangements  in  diabetic  healing.  In  this  chapter,  we  review  two  novel  chimeric  models  based  on 
the  leptin  deficient  Db/Db  mouse.  The  use  of  these  models  allows  for  the  tracking  of  bone  marrow 
derived  inflammatory  and  progenitor  cell  populations  as  well  as  the  determination  of  the  molecular  contri- 
butions of  these  cell  populations  to  the  wound  healing  response. 

Key  words  Diabetes,  Wound  healing,  Chimeric,  Angiogenesis,  Inflammation,  Progenitor  cells 
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1  Introduction 


1.1  The 
Diabetic  Wound 


Diabetes  has  reached  pandemic  proportions  both  in  the  USA  and 
worldwide  [1].  Complications  of  diabetes  represent  a  significant 
clinical  problem,  with  total  healthcare  expenditures  for  diabetes 
care  in  the  USA  alone  reaching  $116  billion  in  2007  [2].  A  signifi- 
cant proportion  of  this  expense  was  for  the  treatment  of  chronic 
lower  extremity  wounds  and  their  complications  which  are  the 
leading  cause  of  hospital  admissions  for  diabetic  patients  [2].  This 
is  even  further  highlighted  by  the  fact  that  approximately  84  %  of 
all  lower  extremity  amputations  performed  in  the  USA  are  pre- 
ceded by  a  diabetic  foot  ulcer  [2,  3].  In  2007,  diabetic  wounds  also 
accounted  for  an  additional  $58  billion  in  lost  revenue  secondary 
to  disability  or  early  mortality  [  1  ] .  These  statistics  have  not  changed 
in  recent  years  despite  multiple  advancements  in  the  management 
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of  chronic  wounds  including  biological  dressings,  hyperbaric 
oxygen,  and  recombinant  growth  factor  therapy  [3-5]. 

It  has  become  increasingly  apparent  that  the  impairment  in 
diabetic  wound  healing  is  a  multifactorial  process  with  derange- 
ments in  multiple  mechanisms  necessary  for  healing.  Two  of  the 
mechanisms  that  are  critically  affected  are  the  processes  of  inflam- 
mation and  neovascularization.  Diabetic  wounds  from  both 
humans  and  laboratory  animals  have  been  shown  to  display  a  dys- 
regulated  inflammatory  response  and  decreased  neovascularization 
when  compared  to  the  wounds  of  nondiabetics  [6-8  ] .  Investigations 
into  these  processes  have  demonstrated  derangements  in  many  of 
the  cell  types  involved  in  both  the  inflammatory  cascade  and  new 
blood  vessel  formation  within  the  diabetic  wound  [9-11]. 
However,  despite  vast  amounts  of  research  into  these  cell  popula- 
tions, little  is  truly  known  regarding  the  fate  and  contribution(s)  of 
these  cells  within  the  diabetic  wound. 

Chimeric  animal  models  have  been  used  extensively  in  cancer 
research  to  track  cells  involved  in  tumorigenesis  and  metastasis,  as 
well  as  angiogenesis  [12].  They  have  also  been  used  in  wound  heal- 
ing research  [12-14],  but  their  application  to  diabetic  wound  healing 
has  been  minimal.  In  this  chapter,  we  will  discuss  two  such  chimeric 
models,  the  Db/Db-GFP  chimera  and  the  Db/Db-Tie-2/GFP  chi- 
mera, and  their  potential  to  further  our  understanding  of  the  cellular 
response  in  impaired  diabetic  wound  healing. 

Chronic  wounds  of  every  etiology,  from  ischemia  to  burns,  have 
been  found  to  be  associated  with  a  dysregulated  inflammatory 
response  [15].  In  particular,  a  chronic  and  hyperactive  inflamma- 
tory response  has  been  described  in  the  chronic  wounds  of  diabet- 
ics. The  etiology  of  this  inflammation  and  the  mechanisms  by 
which  it  contributes  to  the  diabetic  wound  phenotype  are  poorly 
understood  [16,  18].  Two  potential  etiologies  merit  further  dis- 
cussion. One  explanation  is  that  diabetic  skin  may  be  primed  at 
baseline  to  mount  a  hyperactive  immune  response  when  it  is 
wounded.  Proponents  of  this  explanation  have  demonstrated  that 
unwounded  diabetic  skin  has  a  pro-inflammatory  gene  expression 
profile  at  baseline  when  compared  to  nondiabetic  skin  [16,  17]. 
The  mechanisms  responsible  for  this  phenotype  are  unknown; 
however,  one  recent  study  has  provided  some  fresh  insight.  Grice 
et  al.  demonstrated  that  the  leptin  deficient  Db/Db  mouse  has  40 
times  the  bacterial  load  on  its  skin  at  baseline  when  compared  to 
the  skin  of  heterozygote  mice  [16].  The  majority  of  this  bacterial 
load  was  composed  of  Staphylococcus  spp.  More  importantly,  micro- 
array  analysis  also  demonstrated  that  the  increased  bacterial  load 
was  significantly  correlated  with  an  increase  in  the  baseline  expres- 
sion of  genes  related  to  the  gene  ontology  (GO)  categories 
"immune  response"  (IR),  "defense  response"  (DR),  and  "response 
to  wounding"  (WR)  in  unwounded  diabetic  skin  [16].  While  these 


1.2  Inflammation 
in  the  Chronic 
Diabetic  Wound 


Chimeric  Diabetic  Mouse  Models 


101 


studies  have  not  been  repeated  in  human  diabetic  skin,  unwounded 
human  diabetic  skin  has  repeatedly  been  shown  to  have  a  higher 
and  more  Staphylococcus  spp.  predominant  bacterial  load  when 
compared  to  that  of  nondiabetics  [19].  This  may,  in  part,  explain 
why  diabetic  skin  displays  more  inflammation  at  baseline.  However, 
the  relationship  between  this  elevated  baseline  inflammation  and 
the  dysregulated  inflammation  observed  in  the  chronic  diabetic 
wound  has  yet  to  be  determined. 

The  second  potential  etiology  of  increased  inflammation  in  the 
chronic  diabetic  wound  is  vasdy  different  from  the  first.  Pradhan  et  al. 
have  hypothesized  that  chronic  baseline  inflammation  in  diabetic  sldn 
prevents  the  initiation  of  an  appropriate  inflammatory  response  dur- 
ing the  acute  phase  of  wound  healing.  This  results  in  a  wound  with 
increased  susceptibility  to  both  infection  and  hypoxia  [20].  Over  time, 
as  bacterial  load  and  reactive  oxygen  species  build  up  in  the  wound 
environment,  a  threshold  is  reached,  resulting  in  a  delayed  but  hyper- 
active inflammatory  response  [21].  Again,  a  causal  relationship 
between  this  inflammatory  response  and  the  inflammation  present  in 
the  chronic  diabetic  wound  has  yet  to  be  established. 

These  two  potential  etiologies  share  a  final  common  pathway 
or  pathophysiology,  with  dysregulation  of  inflammation  in  the  dia- 
betic wound  leading  to  even  further  derangements  in  wound  heal- 
ing. Often,  these  derangements  are  enough  to  derail  the  wound 
from  progressing  through  the  normal  sequence  of  inflammation, 
proliferation,  remodeling  and  maturation,  resulting  in  a  chronic 
wound.  What  occurs  during  the  critical  period  between  acute  and 
chronic  wound  is  poorly  understood  and  likely  involves  many 
interrelated  mechanisms.  Relevant  to  our  discussion  here  is  the 
concept  that  high  levels  of  inflammation  have  been  shown  to  pre- 
vent the  migration  and  function  of  multiple  cell  populations  neces- 
sary for  normal  healing  [10,  11,  18].  In  order  to  better  delineate 
how  inflammation  and  cellular  dysfunction  interact  with  each  other 
in  the  diabetic  wound,  new  and  better  diabetic  animal  models  are 
needed  which  allow  investigators  to  both  track  the  inflammatory 
cells  and  determine  their  molecular  contributions.  To  highlight  the 
potential  uses  of  the  Db/Db-GFP  chimeric  mouse,  we  will  briefly 
discuss  one  inflammatory  cell  type  important  to  the  healing  pro- 
cess: the  macrophage. 

Due  to  their  central  and  regulatory  role  in  the  normal  wound, 
macrophages  have  been  the  target  of  multiple  studies  investigating 
the  pathogenesis  of  disordered  inflammation  within  the  diabetic 
wound  [9,  10,  22].  From  these  studies  we  know  that  diabetes 
affects  the  cellular  functions  of  macrophages  in  multiple  ways.  First 
and  foremost,  diabetes  and/or  hyperglycemia  have  repeatedly 
been  shown  to  directly  inhibit  the  macrophage's  ability  to  perform 
phagocytosis  [9,  23].  This  most  basic  function  of  macrophages  is 
of  vital  importance  to  the  wound  repair  process.  Increasing  evi- 
dence demonstrates  that  the  clearance  of  not  only  bacteria,  but 
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also  of  neutrophils  and  other  apoptotic  cells  from  the  early  wound 
is  essential  for  progression  out  of  the  inflammatory  stage  of  healing 
[24,  25].  However,  the  macrophage  potentially  serves  many  other 
complex  functions  within  the  healing  wound.  These  include  the 
production  of  growth  factors  and  the  regulation  of  proliferation. 

In  healing  wounds,  macrophages  have  been  demonstrated  to 
orchestrate  both  inflammation  and  repair  [25,  26].  They  may 
accomplish  this  through  existing  in  three  or  more  different  pheno- 
typic  states  throughout  the  wound  healing  process  [27].  Recently, 
the  potential  functions  of  these  phenotypes  have  been  described  in 
a  study  by  Lucas  et  al.  [26].  In  this  study,  conditional  depletion  of 
macrophages  was  performed  during  the  different  phases  of  healing 
and  the  wounds  followed.  Depletion  of  macrophages  during  the 
inflammatory  stage  of  healing  resulted  in  reduced  granulation  tis- 
sue formation  and  impaired  epithelialization  within  the  wound. 
Depletion  during  the  proliferative  stage,  however,  resulted  in  a 
hemorrhagic  wound  which  failed  to  close  [26].  In  contrast,  macro- 
phage depletion  during  the  maturation  phase  of  healing  had  little 
effect  on  wound  closure  [26].  These  and  other  studies  are  begin- 
ning to  demonstrate  that  the  transition  between  the  different  mac- 
rophage phenotypes  is  necessary  for  normal  healing  to  occur  [25]. 
Due  to  its  central  role  within  the  healing  wound,  alterations  in 
macrophage  function  may  play  an  important  role  in  the  diabetic 
wound  healing  impairment.  However,  many  studies,  including  the 
one  mentioned  above,  have  yet  to  be  performed  in  a  diabetic  ani- 
mal model.  In  addition,  the  macrophage  is  only  one  example  of  the 
many  inflammatory  cells  which  migrate  into  the  healing  wound, 
with  other  cells,  including  neutrophils  and  lymphocytes,  playing 
important  roles  as  well. 

Inflammatory  cells  are  only  one  set  of  bone  marrow  derived  cells  to 
arrive  at  the  healing  wound.  Since  their  discovery  over  20  years 
ago,  there  has  been  increasing  interest  in  the  bone  marrow  derived 
endothelial  progenitor  cell  (EPC)  and  its  function  in  multiple 
physiological  processes,  including  wound  healing.  It  has  long  been 
known  that  diabetes  is  associated  with  pathologic  angiogenesis. 
This  ranges  from  the  hyper-proliferative  response  seen  in  diabetic 
retinopathy,  to  the  diminished  neovascularization  seen  in  diabetic 
wounds  [28].  Neovascularization  encompasses  the  two  separate 
but  related  processes  of  angiogenesis  and  vasculogenesis.  In  angio- 
genesis, new  blood  vessels  branch  from  preexisting  vessels  via  the 
migration  and  proliferation  of  mature  resident  endothelial  cells.  In 
vasculogenesis,  the  new  blood  vessels  are  instead  formed  by  collec- 
tions of  bone  marrow  derived  EPCs.  The  formation  of  granulation 
tissue  is  largely  dependent  on  vasculogenesis,  and  has  been  shown 
to  be  critic  al  for  he  aling  full  thickness ,  excisional  wounds  [13,29,30]. 
Of  the  two  neovasculogenesis  processes,  it  is  vasculogenesis  which 
has  been  shown  to  be  particularly  deficient  in  diabetics.  Many  of  these 
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defects  within  vasculogenesis  center  on  the  diabetic  endothelial 
progenitor  cell  population  [11,  28,  31,  32]. 

Many  studies  have  demonstrated  the  full  spectrum  of  defects 
within  the  EPCs  from  diabetics.  Diabetics  have  repeatedly  been 
shown  to  have  a  decreased  number  of  circulating  EPCs,  when  com- 
pared to  nondiabetics  [11,  32].  Diabetics  have  also  been  shown  to 
have  significantly  decreased  levels  of  stromal  cell  derived  factor- la 
(SDF-la),  a  key  signaling  molecule  involved  in  the  recruitment  of 
EPCs  into  the  wound  [32-34].  Combined,  these  two  deficits  result 
in  a  significantly  decreased  number  of  EPCs  being  present  in  the 
healing  diabetic  wound  [11].  The  few  EPCs  that  actually  arrive  to 
the  diabetic  wound  have  further  been  found  to  be  deficient  in  mul- 
tiple necessary  enzymes  [32,  35].  One  of  these  enzymes,  manga- 
nese superoxide  dismutase,  allows  the  EPC  to  resist  hypoxia  by 
reducing  reactive  oxygen  species.  This  is  a  critical  function  for  cells 
which  are  responsible  for  establishing  the  new  vascular  network 
which  will  ultimately  bring  oxygen  to  the  wound  [35].  These 
defects  in  diabetic  EPC  number  and  function  demonstrate  why  dia- 
betic wounds  are  particularly  prone  to  hypoxia  [30].  This  hypoxia 
can  lead  to  the  rapid  build-up  of  reactive  oxygen  species  within  a 
wound  which  is  already  suffering  from  high  levels  of  dysregu- 
lated  inflammation  [21].  A  further  cascade  of  inflammation  and 
inflammation-induced  cellular  dysfunction  can  follow  and  vastly 
increases  the  wound's  chance  of  transforming  into  a  chronic  wound. 

Functional  EPCs,  while  unlikely  to  correct  the  entire  spectrum 
of  diabetic  healing  defects,  may  prevent  the  acute  diabetic  wound 
from  transforming  into  a  chronic  wound.  Multiple  studies  have 
reported  improved  healing  in  diabetic  animal  models  by  correcting 
one  or  more  of  the  EPC  defects  discussed  above  [32,  35,  36].  In  a 
study  by  Gallagher  et  al.  both  EPC  mobilization  from  the  bone 
marrow  and  homing  to  the  wound  were  positively  manipulated 
with  a  synergistic  improvement  in  wound  healing.  Likewise, 
Marrotte  et  al.  improved  diabetic  healing  by  treating  diabetic 
wounds  with  diabetic  EPCs  that  had  been  transfected  with  an  ade- 
novirus overexpressing  manganese  superoxide  dismutase. 

Many  of  the  studies  discussed  in  this  section  have  made  use  of 
genetically  modified  nondiabetic  mice  which  specifically  allow  for 
the  tracking  of  EPCs.  These  mice  have  greatly  expanded  our  knowl- 
edge of  general  endothelial  progenitor  cell  biology  over  the  past  10 
years;  however,  our  understanding  of  the  defects  and  functions  of 
these  cells  within  diabetic  skin  and  wounds  is  limited.  In  order  to 
further  this  understanding,  animal  models  need  to  be  developed 
that  allow  for  the  tracking  of  EPCs  within  a  diabetic  environment. 

1.4  Chimeric  Models: 
Powerful  Tools  for 
Tracking  Individual 
Cell  Populations 


The  multiple  varieties  of  transgenic  mice  available  have  significantly 
advanced  our  understanding  of  cell  biology  and  provided  valuable 
tools  with  which  to  study  various  diseases.  The  creation  of  chimeric 
animals  allows  the  investigator  to  study  specific  cell  populations 
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Fig.  1  The  GFP  mouse.  Every  cell  from  these  animals  with  the  exception  of  red  blood  cells  fluoresces  green 

within  an  animal  model  of  a  specific  disease  process.  This  is  no 
better  exemplified  than  by  the  history  of  the  GFP  mouse  (Fig.  1). 
The  GFP  mouse  expresses  green  fluorescent  protein  in  every  cell 
with  the  exception  of  red  blood  cells.  Hayakawa  et  al.  utilized  bone 
marrow  from  this  mouse,  transplanted  into  C57BL/6  mice,  to 
make  the  first  chimeric  mouse  made  by  bone  marrow  transplanta- 
tion [14].  This  model  allowed  investigators,  for  the  first  time,  to 
track  the  fate  of  bone  marrow  derived  cells  in  a  wound  healing 
study.  Based  on  these  initial  studies,  the  investigators  concluded 
that,  as  opposed  to  bone  marrow  cells  injected  at  the  time  of 
wounding,  the  transplanted  bone  marrow  cells  preserve  both  their 
functionality  and  natural  behavior  [14].  This  was  an  important  dis- 
tinction to  make  and,  as  such,  has  served  as  a  guiding  principle  for 
the  multitude  of  chimeric  studies  which  have  followed. 

Since  the  Hayakawa  et  al.  study,  many  subsequent  studies  have 
been  performed  using  GFP  chimeras  to  investigate  multiple  dis- 
ease processes  from  wound  healing  to  nephropathy  [32,  37-39]. 
Of  these,  the  report  by  Moller  et  al.  most  truly  demonstrates  the 
power  of  chimeric  models  in  tracking  individual  cell  populations. 
In  this  study,  the  investigators  used  GFP  chimeric  mice  to  track 
macrophage  turnover  within  peripheral  nerves  and  dorsal  root 
ganglions.  They  did  this  over  a  36  week  period  and  discovered  up 
to  a  75  %  turnover  rate  within  these  nerves  and  ganglions  [38]. 

Despite  the  fact  that  GFP  chimeras  allow  for  tracking  of  all 
bone  marrow  derived  cells,  most  of  the  wound  healing  studies 
which  have  utilized  GFP  chimeras  to  date  have  focused  on  the 
EPC  population  [32,  36,  37].  However,  there  are  transgenic 
mice  which  allow  for  much  more  specific  tracldng  of  this  popula- 
tion, the  most  common  of  which  are  the  Tie-2/LacZ  and  Tie-2/ 
GFP  mice  (Fig.  2).  These  mice  express  either  fi-galactosidase 
(LacZ)  or  green  fluorescent  protein  (GFP)  under  the  direct 
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Fig.  2  (a)  The  Tie-2/GFP  mouse,  (b  and  c)  Merged  fluorescence  microscopy  images  (merged  DAPI,  GFP,  and 
red  channel)  taken  from  a  frozen  section  of  a  7-day-old  wound  on  aTie-2/GFP  mouse.  GFP  positive  endothelial 
cells  are  appreciated  lining  many  blood  vessels  of  varying  caliber  (40x) 


control  of  the  tyrosine  kinase  with  immunoglobulin  and  epidermal 
growth  factor  homology-2  (Tie-2)  promoter.  The  Tie -2  gene  is 
only  expressed  in  functionally  active  endothelial  cells  and  is  the 
only  known  receptor  that  can  interact  with  all  four  of  the  identified 
angiopoietins  (Ang-l-Ang-4)  [30].  These  mice  were  originally 
developed  to  investigate  the  embryogenesis  of  the  vascular  system 
and,  due  to  this  design,  every  endothelial  cell  of  arterial,  venous 
and  even  lymphatic  origin  will  be  positive  for  LacZ  or  GFP  [40]. 
While  this  is  a  useful  property  for  studying  the  embryogenesis  of 
the  vascular  system,  it  prevents  the  specific  tracking  of  bone  mar- 
row derived  endothelial  cells  to  sites  of  injury  in  these  animals. 

Chimeric  mice  made  using  bone  marrow  derived  from  either 
Tie-2/GFP  or  Tie-2/LacZ  mice  have  been  used  extensively  in 
tumor  angiogenesis  research  and  to  a  lesser  extent  in  wound  heal- 
ing research  [12,  13].  Using  immunodeficient  mice  transplanted 
with  Tie-2/LacZ  bone  marrow,  Asahara  et  al.  demonstrated  that 
bone  marrow  derived  EPCs  contribute  to  both  physiological 
neovascularization  and  the  neovascularization  related  to  tumor 
growth  [12].  In  another  study  which  used  FVB/NT  mice  trans- 
planted with  Tie-2/GFP  bone  marrow,  O'Niell  et  al.  reported  that 
bone  marrow  derived  cells  did  not  contribute  to  new  endothelial 
cells  within  the  capillary  beds  of  muscle  exposed  to  hypoxia  [37]. 
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This  finding  was  later  refuted  by  Bauer  et  al.  who  also  used  the 
same  FVB/NJ  mice  but  transplanted  them  instead  with  Tie-2/ 
LacZ  bone  marrow  [29].  This  same  study  by  Bauer  et  al.  also  dem- 
onstrated the  importance  of  bone  marrow  derived  EPCs  in  the 
formation  of  granulation  tissue  and  the  healing  of  excisional 
wounds  in  normal  mice  [29].  However,  using  C57BL/6  mice 
transplanted  with  Tie-2/Lac-Z  bone  marrow,  Bluff  et  al.  reported 
that  bone  marrow  derived  EPCs  do  not  contribute  to  new  vessel 
formation  in  incisional  wounds  [13].  These  studies  and  others 
have  greatly  furthered  our  understanding  of  bone  marrow  derived 
EPCs  and  the  role  they  play  during  wound  healing  in  normal  mice; 
however,  only  a  small  number  of  studies  have  used  chimeric  mod- 
els to  investigate  pathological  healing,  such  as  that  which  occurs  in 
diabetics. 


1.5   Diabetic  Chimeric  diabetic  animal  models  have  been  previously  described 

Chimeric  Models  and  a  few  have  been  used  in  wound  healing  studies  [11,  32].  Most 

Based  on  the  Db/Db  of  these  studies,  because  of  their  importance  to  the  subject  matter, 
Background  have  been  previously  mentioned  in  this  chapter.  Albiero  et  al. 

transplanted  GFP  bone  marrow  into  C57BL/6  mice  and  induced 
diabetes  with  streptozotocin  for  their  wounding  studies  [11].  The 
novel  wound  healing  study  by  Gallagher  et  al.  also  used  GFP  chi- 
meric mice  but  on  both  FVB  and  C57BL/6  backgrounds  and  then 
induced  diabetes  in  these  mice  by  giving  them  streptozotocin  [32]. 
Also  in  the  same  study,  Gallagher  et  al.  pharmacologically  induced 
diabetes  in  Tie-2/GFP  mice,  but  only  used  these  mice  to  study 
EPC  populations  within  the  peripheral  blood  [32].  This  was  appro- 
priate given  that  one  would  be  unable  to  differentiate  bone  mar- 
row derived  endothelial  cells  from  resident  endothelial  cells  in 
these  mice.  These  studies  have  certainly  contributed  to  our  under- 
standing of  the  role  of  bone  marrow  derived  EPCs  in  healing  in  an 
acute  model  of  Type  I  diabetes.  Chimeric  animal  models  that  bet- 
ter approximate  the  pathophysiology  of  type  II  diabetes  and  its 
complications  are  lacking.  The  development  of  such  animals  will 
allow  investigators  to  examine  the  tracking  and  fate  of  all  bone 
marrow  derived  cells,  from  endothelial  progenitor  cells  to  those 
involved  in  the  inflammatory  response,  in  a  more  clinically  relevant 
model  of  diabetes. 

For  our  chimeric  models  we  chose  the  leptin  deficient  Db/Db 
mice  as  our  background  animal.  This  differs  greatly  from  the  previ- 
ous studies  mentioned  above  which  used  streptozotocin  to  induce 
diabetes.  Although  it  is  an  accurate  animal  model  of  hypoinsu- 
linemia  and  insulin  dependent  (Type  1)  diabetes  mellitus,  strepto- 
zotocin induction  has  some  shortfalls  which  limit  its  application  in 
studying  diabetic  wound  healing  [41,  42].  This  method  of  phar- 
macologically inducing  diabetes  was  originally  described  in  rats 
nearly  50  years  ago,  and  has  historically  been  used  to  study  the  beta 
islet  cells  of  the  pancreas  [43].  Yet,  despite  this,  many  investigators 
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Fig.  3  FACS  analysis  of  blood  from  a  Db/Db-GFP  chimera  4  weeks  following  bone  marrow  transplant.  Xaxis: 
GFP  positive.  Kaxis:  Anti  d  antibody  tagged  with  PE.  Gating  on  the  leukocyte  population  (R1)  demonstrated 
greater  than  80  %  GFP  positivity 


have  translated  this  methodology  into  mice  for  use  in  wounding 
studies.  In  contrast,  the  genetically  leptin  deficient  Db/Db  mouse 
is  an  accurate  model  of  non-insulin  dependent  (Type  2)  diabetes. 
As  a  result  of  their  leptin  deficiency,  these  mice  are  highly  polyphagic 
and  usually  develop  a  diabetic  phenotype  represented  by  hypergly- 
cemia, insulin  resistance  and  obesity,  by  6  weeks  of  life  or  earlier. 
When  used  in  wound  healing  studies,  our  lab  and  others  have  con- 
sistently demonstrated  the  superiority  and  reliability  of  the  Db/Db 
mouse.  This  is  especially  true  in  the  studies  evaluating  excisional 
wound  healing  [34,  41,  42,  44]. 

In  addition  to  using  streptozotocin  to  induce  diabetes,  previ- 
ous diabetic  chimera  studies  examining  wound  healing  have 
focused  the  EPC  population  only.  While  we  agree  that  these  cells 
are  of  significant  importance  to  the  diabetic  healing  phenotype,  we 
feel  there  has  been  neglect  of  other  cells  populations,  such  as  the 
monocytes/macrophages,  which  are  also  known  to  be  important 
to  the  healing  process.  Experiments  such  as  those  performed  by 
Lucas  et  al.  furthered  the  case  for  the  importance  of  macrophages 
in  wound  healing,  yet  reciprocal  studies  in  a  diabetic  animal  model 
have  not  been  conducted  to  date  [26].  Performing  such  studies 
using  the  Db/Db — GFP  chimeric  mouse  described  here  (Fig.  3) 
would  allow  investigators  to  differentiate  between  bone  marrow 
derived  and  resident  tissue  monocytes.  The  Db/Db-GFP  chimera 
may  even  allow  investigators  to  determine  the  cellular  source  of 
inflammation  within  the  chronic  diabetic  wound.  In  their  paper  on 
the  source  of  inflammation  in  the  diabetic  wound,  Pradhan  et  al. 
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Fig.  4  Merged  DAPI  and  GFP  images  from  Fluorescence  microscopy  of  the  wound 
bed  of  a  Db/Db-GFP  chimera  7  days  following  creation  of  an  8  mm  wound. 
Scattered  mononuclear  cells  and  plentiful  polymorphonuclear  (PMNs)  cells  are 
easily  appreciated  with  the  wound  base  (40 x) 


stated  that  immunotracking  studies  of  inflammatory  cells  were 
lacking  [20].  The  use  of  the  Db/Db-GFP  chimeric  model  would 
allow  investigators  to  accomplish  this.  The  Db/Db-GFP  chimera 
also  allows  for  the  identification  of  all  the  basic  inflammatory  cell 
types  (macrophage,  neutrophil,  lymphocyte),  which  are  GFP  posi- 
tive, as  they  migrate  into  the  wound.  Histology  or  immunohisto- 
chemical  techniques  can  then  be  used  to  identify  the  inflammatory 
cell  type  (Fig.  4).  The  combination  of  these  techniques  with  laser 
capture  microscopy  and  subsequent  real-time  PCR,  would  then 
allow  for  the  determination  of  the  molecular  contribution  of  these 
cells  to  the  wound  healing  process. 

Previous  studies  tracldng  bone  marrow  derived  EPCs  in  dia- 
betic chimeric  mice  have  either  utilized  donor  bone  marrow  from 
GFP  mice  followed  by  streptozotocin  induction  or  have  similarly 
induced  diabetes  in  transgenic  Tie-2/GFP  mice.  To  our  knowl- 
edge, such  tracldng  studies  have  yet  to  be  evaluated  by  transplan- 
tation of  either  GFP  or  Tie-2/GFP  bone  marrow  into  an 
established  murine  model  of  type  II  diabetes,  such  as  the  Db/Db 
mouse.  The  lack  of  development  of  such  animals  may,  in  part,  be 
related  to  concerns  of  high  mortality  rates  following  irradiation  of 
the  Db/Db  mice.  In  addition,  the  Tie-2/GFP  mouse  is  on  a  FVB 
background  whereas  the  Db/Db  mouse  is  on  a  C57BL/6  back- 
ground, and  has  raised  concerns  of  rejection  of  the  bone  marrow 
transplant  [37].  Despite  these  concerns,  we  have  successfully  created 
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Fig.  5  FACS  analysis  of  blood  sample  from  a  Db/Db-Tie-2/GFP  chimera  4  weeks  after  bone  marrow  transplant. 
Cells  were  double  stained  with  Anti  q  (FITC)  antibody  (xaxis)  and  Anti  d  (PE)  antibody  (yaxis).  Gating  on  the 
leukocyte  population  (R1)  demonstrated  greater  than  90  %  chimerism  of  H2Kq  positive  cells 


Db/Db-Tie-2/GFP  chimeras  without  any  pharmacological 
immunosuppression  (Fig.  5).  When  these  mice  are  wounded,  GFP 
positive  endothelial  cells  which  also  express  CD  31  can  be  found 
in  the  granulation  tissue  bed  of  the  wounds  (Fig.  6).  With  the 
superiority  of  Db/Db  mice  in  the  study  of  excisional  wounding 
and  the  importance  of  EPCs  in  the  healing  of  such  wounds,  this 
chimera  allows  investigators  to  better  characterize  the  role  these 
cells  play  in  the  diabetic  healing  phenotype.  As  with  the  GFP  chi- 
meras, immunohistochemistry  combined  with  laser  capture 
microscopy  and  real-time  PCR  allows  for  the  determination  of  the 
molecular  contribution  and  function  of  these  cells  within  the  dia- 
betic wound. 

To  our  knowledge  this  is  the  first  description  of  chimeric 
mice  being  made  by  bone  marrow  transplantation  into  a  Db/Db 
background.  The  development  of  chimeric  models  in  the  Db/Db 
mouse,  combined  with  the  large  number  of  transgenic  mice  avail- 
able today  for  transplantation,  can  allow  for  the  examination  of  a 
number  of  different  cells  types  and  factors  in  the  diabetic  envi- 
ronment, despite  concerns  about  rejection  between  strains. 
Ultimately  these  models  will  help  to  better  define  the  individual 
and  interactive  roles  these  cells  play  in  the  diabetic  wound  healing 
impairment  and  present  investigators  with  needed  therapeutic 
targets  for  the  improvement  and  prevention  of  the  diabetic 
wound  healing  impairment. 
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Fig.  6  Immunohistochemistry  and  fluorescence  microscopy  of  the  wound  bed  of  a  Db/Db-Tie-2/GFP  chimera 
7  days  following  the  creation  of  an  8  mm  wound  (40x).  Staining  for  CD  31  (a),  GFP  (b),  and  DAPI  (c)  are  shown. 
The  merged  image  (d)  demonstrates  specific  endothelial  cell  GFP  and  CD31  staining 


2  Materials 


2.1   Db/Db-GFP  or 
Db/Db-  Tie-2/GFP 
Chimeric  Mice 


1.  Recipient  Mice: 

(a)  Db/Db    mice    (Jackson    Lab    BKS.Cg-Dock7m  +/+ 
Leprdb/T)- 

(b)  Db/+  Breeder  mice  (Jackson  Lab  Dock7m  +/+  Leprdb). 

2.  Donor  Mice: 

Lab     CByJ.B6-Tg  (UBC- 


(a)  GFP     mice  (Jackson 
GFP)30Scha/J)  or 

(b)  Tie-2(Tek)-GFP  mice 
Tg(TIE2GFP)287Sato/J). 

3.  Phosphate  Buffered  Saline  (PBS). 

4.  Sterile  instruments  (Scissors,  forceps). 

5.  26%  Gauge  needles. 

6.  1  cc  syringes. 

7.  3  cc  syringes. 

8.  70  %  Ethanol  for  surgical  prep. 


(Jackson 


Lab 
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9 .  Sulfatrim  (Bactrim)  Solution (200  mg Sulfamethoxazole /40  mg 
Trimethoprim). 

10.  Ficoll  Paque. 

11.  Irradiator. 


3  Methods 

3.1    Db/Db-GFPor  1.  On  the  day  prior  to  irradiation  move  all  recipient  mice  into 

Db/Db-Tie-2/GFP  autoclaved  cages  and  change  their  water  out  for  sulfatrim  water 

Chimeric  Mice  at  a  dose  of  5  mL  of  200/40  solution  per  200  mL  of  distilled 

water.  Agitate  the  botdes  frequently  to  ensure  the  antibiotic  is 

solubilized  in  the  water. 

2.  The  next  morning  irradiate  all  recipient  mice  with  half  of  total 
radiation  dose  (we  use  750  cGyper  dose  for  a  total  of  1,500  cGy 
for  Db/Db  mice  and  800  cGy  per  dose  for  a  total  of  1,600  cGy 
for  Db/+  mice -(.»e  Note  1). 

3.  Repeat  this  same  dose  of  radiation  approximately  6-8  h  after 
the  first  dose. 

4.  The  following  morning,  euthanize  donor  mice  (one  at  a  time). 

5.  After  euthanasia,  thoroughly  spray  the  hind  limbs,  back,  and 
perineum  of  the  donor  mouse  with  ethanol  (one  donor  mouse 
will  give  enough  cells  for  two  recipient  mouse). 

6.  Using  the  sterile  instruments,  harvest  the  bilateral  tibias  and 
femurs  of  each  mice  being  careful  not  to  break  the  bones. 
Clean  all  muscle  and  other  tissue  from  the  bones  as  thoroughly 
as  possible. 

7.  Place  all  harvested  bones  in  cold,  sterile  PBS  in  a  50  mL  conical 
tube. 

8.  After  all  bones  have  been  harvested,  wash  them  within  the 
50  mL  conical  tube  using  sterile  PBS  for  a  total  of  five,  50  mL 
washes.  Using  sterile  technique  suction  away  the  PBS  each 
time. 

9.  Place  the  bones  on  a  large  sterile  cell  culture  plate  and  cut  the 
ends  of  the  tibias  and  femurs  using  sterile  scissors  (one  at  a 
time). 

10.  Partially  fill  another  sterile  cell  culture  plate  with  sterile  PBS 
and  then,  using  the  3  cc  syringe  and  26%  gauge  needle,  flush 
the  bones  (one  at  a  time)  with  this  PBS  into  the  cell  culture 
plate.  Flush  all  of  bones  until  clear  then  discard. 

1 1 .  After  you  have  flushed  all  the  bones,  aspirate  and  flush  the  PBS  -  bone 
marrow  cell  mixture  multiple  times  into  the  same  cell  culture 
plate  using  the  same  needle  and  syringe  to  remove  any  cell 
clumps. 
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12.  Filter  all  cells  through  a  70  filter  into  a  new  sterile  50  mL 
conical  tube. 

13.  Place  3  mL  of  Ficoll-Paque  into  a  sterile  15  mL  conical  tube. 

14.  Gently  layer  the  filtered  cells  from  number  12  on  top  of  the 
Ficoll. 

15.  Using  a  centrifuge  with  the  brake  removed,  spin  number  14  at 
400  x g  for  8  min  at  4  °C. 

16.  Using  a  1  cc  pipette,  aspirate  the  buffy  coat  from  number  15 
and  transfer  to  new  sterile  50  mL  conical  tube. 

17.  Fill  number  16  to  the  top  with  sterile  PBS  and  re-spin  at  400  xjj 
for  10  min  (put  brake  back  on  centrifuge). 

18.  Using  sterile  technique,  aspirate  the  supernatant  from  17  and 
resuspend  the  cells  in  approximately  2  mL  of  sterile  PBS  (use 
more  or  less  depending  on  intended  number  of  recipient  mice). 

19.  Count  the  cells  using  a  hemocytometer  and  then  dilute  using 
sterile  PBS  so  that  the  concentration  is  between  5  and  10  mil- 
lion cells  per  200  ^L  (this  is  the  volume  given  to  each  recipient 
mouse). 

20.  Once  donor  cell  preparation  is  complete,  warm  each  recipient 
mouse  for  5  min  under  a  heat  lamp. 

21.  Immediately  before  injection,  aspirate  200  ^L  of  the  cells  into 
the  1  cc  syringe  ensuring  there  are  no  clumps  of  cells. 

22.  Cleanse  the  recipient  mouse  tail  with  an  isopropyl  wipe.  Then 
give  the  200  ^L  of  bone  marrow  cells  to  the  mouse  via  tail  vein 
injection.  Use  new  needle  and  syringe  for  each  recipient  mouse. 

23.  Following  cell  injection,  immediately  return  each  mouse  to  a 
clean,  autoclaved  cage. 

24.  Recipient  mice  should  receive  Bactrim  solution  for  a  total  of  2 
weeks.  Agitate  the  solution  multiple  times  per  day  to  ensure 
they  are  getting  an  adequate  amount.  Replace  with  new  solu- 
tion as  needed  (see  Subheading  4). 

25.  Four  weeks  following  transplant  each  recipient  mouse  should 
undergo  retro-orbital  bleed  for  FACS  analysis.  Bleed  approxi- 
mately 200  \iL  into  heparinized  PBS  at  a  concentration  of 
1  unit  of  heparin  per  mL  of  PBS.  A  20-30  %  mortality  among 
recipient  mice  is  to  be  expected  (see  Note  2). 


4  Notes 

1.  Notes  on  the  General  Care  of  Db/Db  and  Chimeric  Mice. 
Db/Db  are  immunosuppressed  at  baseline.  They  also  stool 
frequently  and  some  do  so  even  more  after  being  irradiated. 
Therefore  frequent  changing  of  their  cages  is  important, 
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especially  after  they  have  been  irradiated  and  transplanted. 
Their  immunosuppression  may  also  affect  their  necessary  radi- 
ation dose.  It  has  been  our  experience  that  this  dose  differs  by 
irradiator  type  and  geographical  location.  Therefore,  investi- 
gators may  find  it  useful  to  create  a  dose  response  curve  in 
both  the  diabetic  and  heterozygote  mice  before  attempting 
bone  marrow  transplantation.  The  dose  given  is  meant  to  be  a 
lethal  dose  and  the  correct  dose  will  be  one  which  kills  a  large 
majority  of  mice  by  day  7-10  post  irradiation.  Earlier  deaths 
are  due  to  too  strong  a  dose  while  later  deaths  are  likely  the 
result  of  a  sub -lethal  dose  which  only  temporally  made  the 
mouse  more  susceptible  to  infection. 

Once  any  attempted  transplantations  have  been  performed 
we  recommend  changing  the  cage  of  the  recipient  mice  at  least 
every  other  day.  Change  their  cages  out  for  new  autoclaved 
cages  spraying  your  gloved  hands  with  ethanol  prior  to  chang- 
ing. Also,  frequent  monitoring  of  their  Sulfatrim  water  solu- 
tion cannot  be  stressed  enough.  The  solution  should  be 
agitated  multiple  times  a  day  to  make  sure  the  mice  are  getting 
an  adequate  dose.  We  also  recommend  that  the  investigators 
use  distilled  water  for  mixing  the  antibiotic  solution.  This  is 
because  water  bottles  made  with  tap  water  by  animal  care  facil- 
ity staff  may  sit  exposed  to  open  air  for  an  unknown  amount  of 
time.  This  allows  for,  among  other  things,  fungus  spores  to 
contaminate  the  water.  Normally  when  this  happens  it  would 
be  inconsequential.  However,  when  antibiotic  solution  is  then 
added  to  this  water  it  allows  for  the  rapid  growth  of  fungus 
within  the  water.  Even  when  distilled  water  is  used  this  can  be 
a  problem.  The  solution  should  be  changed  out  for  fresh  solu- 
tion as  frequently  as  needed  and  at  least  once  a  week.  Despite 
all  these  measures,  investigators  should  expect  a  20-30  %  mor- 
tality rate  among  recipient  mice  (mostly  during  the  first  2 
weeks  post-transplant)  and  plan  accordingly. 

2.  Notes  for  Fluorescent  Cell  Sorting  and  Determination  of 
Chimerism. 

Four  weeks  after  bone  marrow  transplant  we  recommend 
determination  of  chimerism  using  fluorescence -activated  cell 
sorting  (FACS).  When  doing  this,  chimeric  Db/Db  mice 
should  be  bled  no  more  than  200-300  uL  of  blood  via  retro- 
orbital  bleed.  These  mice  are  somewhat  fragile  so  we  also  rec- 
ommend resuscitation  of  each  mouse  with  up  to  1  mL  of 
warmed  normal  saline  or  lactated  ringers  subcutaneously 
immediately  following  retro-orbital  bleed.  This  resuscitation 
can  also  be  performed  if  mice  are  determined  to  not  be  drink- 
ing their  Sulfatrim  solution  in  the  immediate  days  following 
irradiation.  A  protocol  for  FACS  analysis  is  beyond  the  scope 
of  this  chapter  however  the  antibodies  we  use  deserve  men- 
tion. We  use  antibodies  to  MHC  Class  I  (H2K).  Db/Db  mice 
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are  on  a  B16  background  and  are  H2Kd  (we  use  BD  #553457, 
BD  Biosciences,  San  Jose,  CA).  Cells  from  GFP  mice  fluoresce 
on  their  own  so  logically  no  antibodies  are  needed  for  them. 
Tie-2/GFP  mice  are  on  a  FVB  background  and  are  H2Kq  (we 
use  BD#  553597,  BD  Biosciences,  San  Jose,  CA).  These  can 
be  combined  with  antibodies  for  specific  cell  types  at  the  dis- 
cretion of  the  investigator. 
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Neural  Repair  with  Pluripotent  Stem  Cells 

Mate  Dobrossy  and  Jan  Pruszak 

Abstract 

The  nervous  system  is  characterized  by  its  complex  network  of  highly  specialized  cells  that  enable  us  to 
perceive  stimuli  from  the  outside  world  and  react  accordingly.  The  computational  integration  enabled  by 
these  networks  remains  to  be  elucidated,  but  appropriate  sensory  input,  processing,  and  motor  control  are 
certainly  essential  for  survival.  Consequently,  loss  of  nervous  tissue  due  to  injury  or  disease  represents  a 
considerable  biomedical  challenge. 

Stem  cell  research  offers  the  promise  to  provide  cells  for  nervous  system  repair  to  replace  lost  and 
damaged  neural  tissue  and  alleviate  disease.  We  provide  a  protocol- based  chapter  on  fundamental  princi- 
ples and  procedures  of  pluripotent  stem  cell  (PSC)  differentiation  and  neural  transplantation.  Rather  than 
detailed  methodological  step-by-step  descriptions  of  these  procedures,  we  provide  an  overview  and  high- 
light the  most  critical  aspects  and  key  steps  of  PSC  neural  induction,  subtype  specification  in  different  in 
vitro  systems,  as  well  as  neural  cell  transplantation  to  the  central  nervous  system.  We  conclude  with  a  sum- 
mary of  suitable  readout  methods  including  in  vitro  phenotypic  analysis,  histology,  and  functional  analysis 
in  vivo. 

Key  words  Neural  stem  cells,  Pluripotent  stem  cells,  Differentiation,  Induction,  Specification, 
Transplantation,  Histological  and  functional  analysis 


1  Introduction 


1.1  Stem  Cell 
Research  in  the 
Context  of 

Neurological  Disease 


The  human  nervous  system  is  considered  to  be  the  most  complex 
organ  of  the  human  body.  It  is  composed  of  more  than  one  hun- 
dred billion  (1011)  neuronal  cells,  made  up  of  at  least  hundreds 
subclasses  of  neurons  and  functionally  connected  to  one  another 
by  a  myriad  of  synapses.  Each  single  neuron  bears  103-104  of  these 
electrochemical  cell-cell  connections,  receiving  a  range  of  inputs 
mainly  via  its  dendrites,  processing  and  integrating  these  inputs  in 
a  more  or  less  elusive  manner,  and  eventually  transmitting  its  out- 
put via  the  singular  axon  or  neurite. 

The  brain  and  spinal  cord  are  delicate  organs.  While  they  are 
anatomically  very  well  protected  in  their  respective  encasements, 
i.e.,  the  skull  and  the  vertebral  canal,  respectively,  their  injury  or 
disease  has  devastating  effects:  The  central  nervous  system  (CNS) 
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is  the  main  center  for  the  organism's  perception  of  the  environment 
as  well  as  its  ability  to  act  on  and  within  it.  Moreover,  our  emo- 
tions and  our  cognitive  abilities  depend  on  well-balanced  func- 
tion and  interaction  of  specialized  areas  of  the  brain.  It  thereby 
represents  the  underpinning  of  our  basic  vital  functions  as  well  as 
of  the  abilities  and  processes  that  define  us  as  human  beings  and 
individuals. 

In  addition  to  the  nerve  cells  themselves,  a  number  of  other 
cell  types  are  present  in  the  CNS,  among  them  the  insulating 
myelin  ensheathing  cells  (oligodendrocytes)  as  well  as  a  function- 
ally diverse  array  of  astroglia  and  immune  modulatory  cells  (e.g., 
microglia).  Further  specialized  phenotypes  include  ependymal 
cells,  vascular  endothelial  cells,  and  somatic  neural  stem  cells. 

Importantly,  despite  the  presence  of  neural  stem  cells  in  cir- 
cumscribed regions  of  the  CNS  (subventricular  zone  of  the  lateral 
ventricles,  subgranular  zone  of  the  hippocampal  dentate  gyrus, 
filum  terminale)  its  capacity  for  spontaneous  regeneration  and  self- 
repair  is  naturally  limited.  Damage  to  the  CNS  and  loss  of  neural 
tissue  can  occur  in  a  multitude  of  ways;  among  others,  by  means  of 
injury,  stroke,  and  slow  but  progressive  degeneration.  Nervous  sys- 
tem disease  translates  itself  to  being  a  major  cost  factor  in  current 
health  care  [1].  Contributing  to  this  is  the  increased  overall  life 
expectancy.  Parkinson's  and  Alzheimer's  diseases,  correlated  with 
age,  are  the  most  common  neurological  diseases,  and  despite  con- 
siderable progress  regarding  the  early  intervention  in  stroke 
patients,  the  long-term  sequelae  of  stroke  represent  debilitating 
factors  that  affect  a  growing  number  of  people. 

Here,  we  present  approaches  aimed  at  restoring  neural  func- 
tion through  administration  of  neuronal  cells  in  vitro-derived  from 
PSCs  with  the  goal  of  repairing  the  neural  circuitry  damaged  by 
degenerative  processes  or  trauma.  The  goal  of  such  research  is  not 
only  to  administer  cells  as  vectors  to  release  trophic  or  protective 
factors  (chaperone  effect  [2])  but  also,  if  possible,  to  achieve  neural 
circuit  reconstruction.  To  this  end,  traditionally  we  have  experi- 
mentally exploited  the  plasticity  of  embryonic  primary  cells;  how- 
ever, the  present  and  the  future  lies  with  the  unique  potential  of 
truly  pluripotent  cells,  i.e.,  their  ability  to  self-renew  in  a  poten- 
tially unlimited  manner  and  their  capacity  for  differentiation  toward 
all  cell  types  of  the  body.  These  properties  are  in  contrast  to  somatic 
stem  cells  which  exhibit  more  restricted  expansion  capacity  and 
inherent  differentiation  spectra.  Human  PSCs  are  derived  either 
from  the  inner  cell  mass  of  the  blastocyst  (embryonic  stem  cells,  ES 
cells)  [3]  or  by  epigenetic  reprogramming  of  somatic  cells  (induced 
pluripotent  cells,  iPS  cells),  the  latter  enabled  by  landmark  work  of 
Shinya  Yamanaka  and  colleagues  [4,  5].  The  advent  of  reprogram- 
ming approaches  has  enabled  the  development  of  autologous 
approaches,  circumventing  issues  of  immune  rejection  as  well  as 
some  of  the  ethical  concerns  associated  with  ES  cells.  Given  all 
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that,  PSCs  are  expected  to  represent  a  plentiful  source  of  cells  for 
regenerative  approaches.  How  can  we  best  realize  the  potential  of 
PSCs  for  neural  repair? 

(#l)We  have  to  guide  the  differentiation  of  PSCs  toward  the  phe- 
notype  of  interest. 

(#2)  We  have  to  apply  these  cells  in  a  way  that  ensures  functional 
integration. 

Over  the  past  couple  of  years,  significant  progress  has  been 
made  in  the  fast-moving  stem  cell  and  neuroregeneration  field. 
Related  to  #1 ,  we  present  robustly  established  protocols  for  neural 
induction  of  PSCs,  as  well  as  differentiation  toward  specific  neural 
subtypes.  Related  to  #2,  we  present  standardized  protocols  for 
nervous  system  transplantation  and  functional  analysis  of  stem  cell- 
derived  neurons  in  vitro  and  in  vivo.  Our  goal  with  this  chapter  is 
as  follows: 

1.  To  provide  a  comprehensive  overview  of  the  concepts  and 
chief  methodologies  applied  in  neural  regeneration  research 
using  stem  cells. 

2.  To  exemplify  the  main  protocols,  yet  refer  to  the  details  of  the 
primary  literature  as  needed. 

3.  To  provide  a  scaffold/framework  for  the  better  interpretation 
of  papers  published  in  the  field  and  facilitate  practical  work  in 
this  area  intended  by  the  reader. 

1.2   Neural  Repair  While  the  earliest  scientific  work  studying  CNS  repair  using  tissue 

from  Its  Beginnings  to  transplantation  dates  back  to  the  beginning  of  the  twentieth  cen- 
Clinical  Applications  tury,  the  modern  era  of  intracerebral  transplantation  started  in  the 
late  1970s  by  Stenevi,  Bjorklund,  and  Svendgaard  with  their  work 
on  catecholamine  grafts  into  rodent  forebrain  [  6] .  Correspondingly, 
animal  models  of  neurodegenerative  diseases  became  available: 
Ungerstedt  developed  the  6-hydroxydopamine-based  striatal 
dopamine  depleting  lesion  as  a  rodent  model  for  Parkinson's 
disease  (PD)  [7],  while  Coyle  and  Schwarcz  lesioned  striatal  pro- 
jection neurons  by  injecting  excitotoxins  such  as  quinolinic  acid 
into  the  striatum  to  simulate  Huntington's  disease  (HD)  pathology 
[8],  for  instance.  In  parallel,  cell  suspension  protocols  were  devel- 
oped using  primary  rodent  embryonic  tissue  cell  suspensions  pre- 
pared from  the  ventral  mesencephalon  or  the  ganglionic  eminence 
of  embryonic  day  (E)12  to  El 5  embryos,  depending  on  whether 
aiming  for  cell  replacement  of  dopaminergic  (DA)  neurons  in  the 
PD  or  for  that  of  GABAergic  neurons  in  the  HD  animal  model. 
Over  the  last  decades,  a  substantial  amount  of  indisputably  robust 
scientific  data  has  been  generated  using  primary  cells  supporting  the 
functional  relevance  of  the  neural  grafts,  as  well  as  establishing  fea- 
sible protocols  for  these  neurodegenerative  disease  entities  [9-12]. 
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In  Parkinson's,  despite  several  outstanding  questions, 
numerous  groups  entered  the  clinical  phases  of  cell  therapy  from 
the  1980s  onwards.  Pioneering  and  promising  clinical  trials  using 
primary  mesencephalic  tissue  were  initiated  by  Lindvall  and  col- 
leagues [13,  14].  These  first  clinical  trials  were  open-labeled  with 
carefully  chosen  patients  and  small  group  sizes.  Other  parallel 
studies,  utilized  autologous  adrenal  grafts  containing  dopamine 
producing  cells  to  eliminate  the  need  for  immunosuppressants 
after  transplantation  and  to  circumvent  ethical  concerns  regarding 
use  of  fetal  tissue.  However,  the  long-term  graft  survival  and  func- 
tional outcome  of  adrenal  grafts  turned  out  to  be  poor  in  the 
several  hundred  patients  transplanted  in  numerous  trials  [15], 
underlining  the  critical  importance  of  being  rooted  in  a  strong 
scientific  fundament  of  experimental  research  before  proceeding 
to  clinical  translation.  From  the  late  1980s  on,  a  number  of  small 
open-label  clinical  trials  with  two  to  six  patients  each  were  carried 
out  using  primary  human  DA  transplants  obtained  from  fetal  ven- 
tral midbrain.  These  early  studies  showed  that  fetal  DA  neurons 
can  survive  long  term  for  more  than  10  years  in  patients  and  are 
capable  of  improving  the  classical  symptoms  of  Parkinson's  dis- 
ease. Following  this,  supposedly  more  sophisticated  double- 
blinded  clinical  trials  with  PD  patients  were  initiated  which  have 
raised  several  new  safety  questions  [16,  17].  However,  some  of 
these  did  not  necessarily  use  state-of-the-art  methods  including 
variation  in  terms  of  tissue  preparation,  surgical  approaches,  and 
immunosuppressive  paradigms  [18].  Although  most  clinical  trials 
on  fetal  tissue  transplantation  for  PD  revealed  encouraging  results, 
the  side  effects  and  inconsistent  efficacy,  especially  observed  in  the 
controlled  trials  [19-22],  underscore  the  need  for  a  new  look  at 
identifying  crucial  parameters  that  have  an  impact  on  clinical  out- 
come. Indeed,  a  clinical  trial  run  by  a  consortium  of  centers  has 
recently  been  awarded  European  Union  funding  to  address  criti- 
cal questions  concerning  patient  selection,  tissue  preparation, 
delivery,  immunosuppression,  and  off-medication  dyskinesia 
(see  http://www.transeuro.org.uk).  A  key  objective  of  this  study 
will  be  to  generate  a  protocol  that  can  serve  as  a  template  for 
future  clinical  trials  in  the  cell  therapy  field  including  stem  cell- 
based  therapies  for  PD. 

In  Huntington's,  the  first  reports  from  clinical  trials  using  gan- 
glionic eminence  (GE)  transplantation  were  published  in  2000  and 
2002,  respectively.  Bachoud-Levy  and  colleagues  grafted  GE  tissue 
pieces  into  five  patients  exhibiting  moderate  to  severe  features  of 
HD,  with  the  first  safety  and  efficacy  reports  published  2  years  fol- 
lowing the  transplantation  [23,  24].  Three  patients  had  increasing 
striatal  glucose  uptake  after  grafting  within  the  striatum,  and  these 
patients  had  improved  or  at  least  stabilized  Unified  Huntington's 
Disease  Rating  Scale  (UHDRS)  motor  and  neuropsychological 
tests  scores.  A  follow-up  publication  from  Bachoud-Levy's  group 
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recently  reported  on  outcomes  6  years  post-grafting.  Two  patients 
continued  to  significantly  decline,  while  three  patients,  who  had 
initially  improved,  could  maintain  or  even  improve  their  initial 
clinical  level  [25].  Similarly,  another  long-term  report  on  two 
patients  receiving  enzymatically  dissociated  GE  tissue  5  years  previ- 
ously described  one  patient  as  improving  and  the  other  as  deterio- 
rating [26].  The  limited  publications  available  suggest  that  cell 
replacement  therapy  in  HD  can,  in  some  cases,  alter  the  natural 
progression  of  the  disease. 

Thus,  at  least  for  these  disease  entities  there  is  substantial 
experimental  proof-of-principle  evidence  for  successful  cell  thera- 
peutic intervention.  Other  rather  circumscribed  disease  candidates 
in  which  cell-based  therapeutic  interventions  have  a  history  of 
being  explored  include  spinal  cord  injury  [27]  and  retinal  disease 
[28].  In  contrast,  the  nature  of  stroke  leads  to  loss  of  a  much 
broader  range  of  cell  types  in  the  affected  tissue  area,  and  the  time 
window  for  therapeutic  intervention  is  far  narrower  [29].  The 
array  of  cell  types  therapeutically  applied  in  animal  models  of  stroke 
has  also  been  more  varied,  ranging  from  rodent  hippocampal  neu- 
rons over  mesenchymal  cell  preparations  to  human  bone  marrow- 
derived  stem  cells  [30,  31].  The  emergence  of  the  pluripotent  stem 
cell  (PSC)  field  has  given  a  new  lease  of  life  to  neural  transplanta- 
tion in  general  as  it  has  the  potential  to  overcome  issues  of  tissue 
availability,  standardization,  and  associated  ethical  questions  [2]. 
Generating  cells  of  the  desired  phenotype  and  numbers  under 
highly  controlled  and  standardized  Good  Manufacturing  Practice 
(GMP)  conditions  could  open  up  transplantation  to  a  larger  num- 
ber of  patients.  However,  new  cell  candidates  must  achieve  the 
"gold  standards"  set  by  established  cell  sources  such  as  primary 
fetal  cells  in  safety  and  functional  recovery  in  order  to  be  consid- 
ered for  clinical  application. 

1.3  Pluripotent  Stem 
Cells  in  Neural 
Differentiation  and 
Transplantation 


To  some  extent,  PSC-based  therapies  have  already  become  a  clini- 
cal reality.  Treatment  of  complete,  subacute  spinal  cord  injured 
patients  with  hESC-derived  oligodendroglial  precursor  cells  repre- 
sents the  first  clinical  trial  of  human  ES  cell-derived  neural  cells, 
being  run  at  Phase-I  level  in  the  USA,  executed  by  the  California- 
based  company  Geron  (http://clinicaltrials.gov/ct2/show/ 
NCT01217008 ).  Also,  the  US  company  Advanced  Cell  Technology 
(ACT)  has  gained  Food  and  Drug  Administration  (FDA)  approval 
for  initiation  of  hESC-derived  retinal  pigment  epithelial  (RPE)  cell 
transplantation  in  early  onset  macular  dystrophy  (Stargardt's  type) 
and  macular  degeneration  (http://clinicaltrials.gov/ct2/show/ 
NCTO 1 344993 ;  http://chnicaltrials.gov/ct2/show/NCT0 1 34 
5006).  Approval  of  these  safety  studies  has  also  been  given  by  the 
regulatory  agencies  in  the  UK. 

We  argue  that  a  high  degree  of  caution  and  scientific  scrutiny 
are  warranted  when  deriving  novel  experimental  cell  therapeutic 
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approaches  for  neurological  diseases,  and  one  has  to  critically  take 
into  consideration  a  range  of  scientific,  biomedical,  and  ethical 
issues.  Even  at  the  stage  of  basic  scientific  research  with  potential 
future  therapeutic  impact,  one  should  critically  consider  whether 
the  disease  in  question  would  be  amenable  to  stem  cell-based 
efforts  or  cell-based  strategies  in  general.  A  focal  disease  pattern  in 
which  only  a  circumscribed  brain  region  or  specific  neuronal  subset 
is  affected  may  lend  itself  better  to  cell  replacement  strategies.  For 
example,  the  widespread  and  diffuse  neurodegeneration  present  in 
Alzheimer's  disease  may  make  it  difficult  to  generate  the  diversity 
of  cell  types  lost  as  well  as  to  deliver  the  cell  therapeutic  product 
appropriately  to  the  affected  brain  tissue  regions  and  to  ultimately 
achieve  functional  and  structural  restoration. 

Moreover,  socioeconomic  realities  have  to  be  considered,  as 
some  of  the  biotechnological  processes  may  have  significant  cost 
and/or  logistic  demands  that  may  impede  any  future  translation  to 
the  benefit  of  a  broader  patient  collective.  The  previously  men- 
tioned economically  high-risk  clinical  trials  with  human  ES  cells 
would  hardly  have  been  possible  without  considerable  support  by 
federal  or  state  grants  or  loans. 

Also,  one  has  to  take  ethical  aspects  into  consideration  [32]: 
ES  cells  are  originally  derived  from  in  vitro-fertilized  oocytes 
generated  for  implantation  in  the  uterus.  Excess  non-implanted 
blastocysts  are  used  to  isolate  the  inner  cell  mass  for  the  generation 
of  long-term  expandable  human  ES  cell  lines.  Some  stress  the 
importance  of  attributing  equal  rights  to  this  early  stage  embryo  as 
to  any  later  stage  of  the  individual.  Others  do  not  consider  the 
blastocyst-stage  embryo  as  an  individual  at  all,  while  others  again 
acknowledge  that  while  this  is  controversial  and  constitutes  an  eth- 
ical dilemma,  the  promise  of  saving  and  facilitating  many  lives  in 
the  future  may  justify  even  the  possibly  outrageous  act  of  destroy- 
ing said  blastocyst.  Pragmatists  argue  that,  certainly,  instead  of 
routinely  discarding  the  "leftover"  blastocyst-stage  embryos,  one 
should  use  it  for  potential  biomedical  benefit. 

iPS  cells  are  considered  to  carry  less  of  an  ethical  burden  and 
represent  a  promising  alternative.  Their  generation  in  2006,  ini- 
tially in  mouse,  by  Takahashi  and  Yamanaka  spurred  from  the  quest 
to  identify  factors  that  were  able  to  reprogram  somatic  cell  DNA 
toward  pluripotency,  as  had  previously  been  observed  in  the  trans- 
fer of  a  somatic  cell  nucleus  to  an  enucleated  oocyte  (nuclear  trans- 
fer, nuclear  reprogramming,  cloning)  [4].  They  were  able  to 
translate  this  to  human  cell  systems  shortly  after  [5].  A  second 
paper  by  Thomson  and  colleagues  confirmed  this  revolutionary 
finding  with  a  slightly  modified  combination  of  factors  [33]. 
Surprisingly  enough,  in  these  studies  a  rather  limited  set  of 
sternness-related  transcription  factors,  after  transient  expression 
over  a  couple  of  weeks,  was  sufficient  to  convey  epigenetic  rear- 
rangements similar  to  the  oocyte  cytoplasm  and  consequently 
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render  somatic  cells  pluripotent.  By  means  of  converting 
patient-derived  skin  fibroblasts  to  pluripotency,  this  enables  the 
generation  of  individualized  cell  lines  for  autologous  transplanta- 
tion and  in  vitro  disease-specific  cellular  models.  Fundamental 
research  with  both  ES  and  iPS  cells,  will  still  be  required  to  eluci- 
date the  subtle  differences  between  both  cell  types  and  to  refine 
epigenetic  (re)programming  strategies  [34,  35].  A  remaining  chal- 
lenge with  either  type  of  PSC  is  that  growth  and  differentiation  of 
phenotype  have  to  be  well  controlled  and  directed  to  the  cell  type 
of  therapeutic  interest. 


2   Protocols  of  Neural  Induction,  Differentiation,  and  Transplantation 


2.1    PSC  Neural  How  does  one  guide  a  PSC  exclusively  down  the  road  toward  the 

Induction  and  desired  phenotype?  The  most  promising  hPSC  induction  and 

Patterning  Protocols  targeted  differentiation  protocols  have  exploited  insights  into 
normal  embryological  development  and  apply  growth  and 
patterning  factors  in  a  way  that  mimics  ontogenesis.  For  instance, 
stemming  from  the  classic  knowledge  of  early  neuralizing  factors 
[36,  37]  recombinant  human  Noggin  was  applied  to  drive  hESC 
to  neural  fate  [38].  In  addition,  there  are  a  number  of  alternative 
protocols,  including  the  formation  of  embryoid  bodies,  i.e., 
proliferative  cell  clusters  containing  cell  types  of  all  three  germ 
layers  which  are  then  further  induced  toward  (neuro)  ectoderm. 
Other  efficient  yet  rather  poorly  defined  and  xeno-product- 
containing  protocols  include  stromal  feeder-based  neural  induction 
protocols  (using  murine  stromal  feeder  cell  lines  such  as  PA6  [39] 
or  MS5  [40]).  During  neural  differentiation  of  hPSCs  in  most 
protocols  a  varying  degree  of  the  formation  of  early  columnar 
neuroepithelial  cells  can  be  observed,  so-called  neuroepithelial 
"rosettes"  (Fig.  1),  typically  expressing  the  neuroectodermal 
transcription  factor  Pax6,  anterior  homeodomain  protein  Otx2, 
and  the  intermediate  filament  protein  nestin,  among  others. 

For  subsequent  patterning  strategies,  for  example,  toward  motor 
neurons  that  are  located  ventrally  in  the  spinal  cord,  sonic  hedgehog 
(Shh)  as  a  known  ventralizing  factor  is  applied,  combined  with 
higher  concentrations  of  retinoic  acid  to  caudalize  toward  spinal 
cord  fates  [41,  42].  Following  such  reasoning,  concentrations  and 
times  of  exposure  are  usually  determined  empirically.  In  that  man- 
ner, different  protocols  have  been  devised  to  direct  the  differentia- 
tion of  PSCs  toward  a  range  of  neural  pheno types,  among  them  DA 
neurons  [38,  40,  43-45],  oligodendrocytes  [46],  motoneurons 
[47],  or  GABAergic  neurons  [48].  However,  in  addition  to  the 
application  of  gradients  or  different  concentrations  of  induction  and 
patterning  factors,  the  microenvironment  within  the  dish  has  also  to 
be  taken  into  account  to  appropriately  modulate  shape  phenotype 
establishment,  growth  control,  and  tissue  morphogenesis  [49]. 
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Fig.  1  Principle  of  in  vitro  differentiation  from  pluripotency  to  neurons,  (a)  Human  PSC  colony  (arrow)  on  a  bed 
of  fibroblast  feeder,  (b)  Columnar  neuroepithelial  rosettes  characteristic  of  neural  induction  stage  (dashed  line). 
(c)  Neuronal  process  extension  (arrowheads)  and  maturation  at  neuronal  differentiation  stage  [Differentiation 
of  the  human  iPS  cell  line  IMR90-4DL1 ;  WiCell] 


2.2  Example 
Protocol  1:  Neural 
Induction  of 
Pluripotent  Stem  Cells 

2.2. 1  Materials 


Cell-cell  interactions  by  means  of  direct  cell  contact  (surface  mole- 
cules) and  diffusible  (autocrine,  exocrine,  paracrine)  factors  do 
greatly  influence  cell  development  in  vivo,  and  similarly  so  in  these 
artificial  in  vitro  systems.  In  this  section,  we  provide  example  proto- 
cols for  the  efficient  neural  induction  and  subsequent  neuronal  sub- 
type differentiation  of  hPSC. 

PSC  fines  (e.g.,  H7  or  H9  ES  cell  lines;  WiCell,  Madison,  WI, 
USA).  Note:  Pay  careful  attention  to  governmental  and  institu- 
tional guidelines  for  work  with  human  stem  cell  lines. 

1.  Sterile,  cell  culture  grade  DI  water. 

2.  Ca2+-,    Mg2+-free    Dulbecco's    Phosphate -buffered  saline 
(D-PBS)  (Life  Technologies). 

Ca2+-,  Mg2+-free  Hank's  balanced  salt  solution  (HBSS). 
Knockout  DMEM. 
DMEM/F12. 

6.  Penicillin-streptomycin  (Pen-Strep). 

7.  Knockout  serum  replacement  (KOSR). 

8.  MEM-NEAA  lOOx  L-glutamine. 

9.  N2  supplement. 

10.  Basic  fibroblast  growth  factor  (bFGF). 

11.  Epidermal  growth  factor  (EGF)  recombinant  human  Noggin. 

12.  Dorsomorphin. 

13.  SB431542. 

14.  Rock  inhibitor  Y-27632  dihydrochloride. 

15.  Dibutyryl-cAMP. 


3. 
4. 
5. 
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16.  Glial  cell  line -derived  neurotrophic  factor  (GDNF). 

17.  Ascorbic  acid. 

18.  Sonic  hedgehog. 

19.  FGF8. 

20.  Tumor  growth  factor  3  beta. 

21.  Dickkopf-1  (Dkkl). 

22.  All -trans  retinoic  acid  (RA). 

23.  TrypLE  Express. 

24.  Laminin. 

25.  Poly-L-ornithine,  0.01  %  solution. 

26.  0.1  %  Gelatin. 

27.  Matrigel  matrix. 

28.  Culture  vessels  (six-well  plates,  24-well  plates,  Petri  dishes). 

29.  0.22  (im  filter  units  for  aseptic  preparation  of  solutions  and 
media. 

30.  15  and  50  mL  conical  plastic  tubes. 

31.  Pipette  tips  (10-1,000  uL). 

32.  Serological  pipettes  (5-25  mL). 

33.  Microdissection  tool  for  harvesting  of  neuroepithelial  rosettes 
(e.g.,  a  1  mL  syringe  with  a  27.5  Gauge  needle). 

34.  Cell  culture  lab  (incl.  laminar  flow  hood,  C02  incubator,  table 
centrifuge,  and  bright  field/phase  contrast  inverted  microscope). 

35.  Access  to  fluorescence  microscope  for  immunocytochemical 
analysis. 

2.2.2   Stock  Solutions  Note:  growth  factor  stock  solutions  are  prepared  in  D-PBS  or 

dH20  as  specified  by  supplier.  If  recommended  take  up  in  0.1  % 
bovine  serum  albumin.  Store  frozen. 


Stocks  for  basic  neural  induction  and  differentiation 

Noggin 

Stock  10  |ig/mL 

Final  cone: 

300  ng/mL 

SB-431542 

Stock  10  mM 

Final  cone: 

10  nM 

Dorsomorphin 

Stock  0.2  mM 

Final  cone: 

0.2  |iM 

bFGF 

Stock  10  |ig/mL 

Final  cone: 

4-8  ng/mL;  20  ng/mL 

BDNF 

Stock  50  |ig/mL 

Final  cone: 

20  ng/mL 

Ascorbic  acid 

Stock  200  mM 

Final  cone: 

200  \iM 

GDNF 

Stock  10  |ig/mL 

Final  cone: 

10  ng/mL 

cAMP 

Stock  200  mM 

Final  cone: 

500  \iM 
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Stocks  of  patterning  factors  (selection) 

Sonic  hedgehog 

Stock  50  ug/mL 

Final 

cone: 

200  ng/mL 

FGF8 

Stock  50  |ig/mL 

Final 

cone: 

100  ng/mL 

TGF3b 

Stock  2  \ig/ mL 

Final 

cone: 

1  ng/mL 

Dickkopf-1  (Dklcl) 

Stock  50  ug/mL 

Final 

cone: 

100  ng/mL 

RA  Stock  10  mM  Final  cone:  0.1-0.5  uM 


2.2.3  Media  Preparation 


hPSC  medium 

80  %  DMEM/F12 

386.5  mL 

20  %  KOSR 

100  mL 

MEM  NEAA 

5  mL 

200  mM  L-Glutamine 

2.5  mL 

Pen-Strep 

5  mL 

1  mM  beta-mercaptoethanol 

1  mL 

Filter  and  store  for  up  to  10  days  at  4  °C 
Add  freshly  before  use:  bFGF  to  a  final  concentration  of  4-8  ng/mL 


N2-based  differentiation  medium 


DMEM/F12 

485  mL 

N2  supplement 

5  mL 

MEM  NEAA 

5  mL 

Pen-Strep 

5  mL 

Ascorbic  acid  at  200  uM  final  concentration  is  added  to  N2-medium  right  before  use 


2.2.4  Coating  of  Plates  Gelatin-coated  plates 
and  Tissue  Culture  Dishes 


Add  0.1  %  gelatin  solution  to  the  dish,  ensuring  that  the  entire 
surface  is  covered.  Leave  dish  coating  at  room  temperature  (RT) 
for  ca.  15  min,  and  aspirate  the  solution  before  plating  of  cells. 

Poly-ornithine/laminin-coated  plates 

The  solution  of  0.01  %  poly-L-ornithine  is  pipetted  into  the  dish, 
covering  the  entire  surface.  Coat  for  at  least  2  h  or  overnight. 
After  three  washes  with  D-PBS,  coat  with  a  1  ug/mL  solution  of 
laminin  for  at  least  2  h  or  overnight.  Remove  the  solution;  wash 
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three  times  with  D-PBS  and  once  with  water.  Dry  briefly  and 
preferably  use  right  away. 

Matrigrt-coated  plates 

Slowly  thaw  an  aliquot  of  matrigel  at  4  °C  or  on  ice  to  avoid  forma- 
tion of  a  gel.  Dilute  to  10  %  final  concentration  with  cooled 
DMEM/F12  medium  and  immediately  distribute  into  dishes,  for 
example,  1.2  mL  to  each  well  of  a  six-well  plate  at  RT.  Remove 
matrigel  solution  after  an  hour,  carefully  wash  once  with  medium 
and  plate  the  cells  (see  below). 

Procedure 

1.  Human  PSCs  are  cultured  under  standard  conditions  (see  refs. 
3,  38,  50).  This  is  traditionally  conducted  on  a  bed  of  mitoti- 
cally  inactivated  (human  or  mouse)  embryonic  feeder  cells. 
Alternatively,  a  number  of  feeder-free  protocols  exploiting 
feeder-conditioned  medium  instead,  or  high  concentration 
supplementation  with  bFGF  and  cells  grown  on  matrices  such 
as  Matrigel  can  be  applied.  Cells  are  best  propagated  by  manual 
picking/selection.  Critical  attention  must  be  paid  to  whether 
the  conditions  used  in  the  lab  allow  for  long  term,  karyotypi- 
cally  normal  expansion.  Principles  of  neural  induction  differen- 
tiation protocols  are  exemplified  by  the  following  steps  applied 
in  our  laboratories  (adapted  from  refs.  38,  51,  52). 

2.  A  full  six-well  plate  of  hPSC  (ES  or  iPS)  grown  on  feeder  fibro- 
blasts is  harvested  by  using  TrypLE  incubation  for  approximately 
5-10  min  (under  close  microscopic  observation),  resulting  in  the 
detachment  of  hPSC  from  the  substrate  and  dissolution  of  colo- 
nies. The  stem  cells  are  carefully  detached  using  gentle  trituration 
with  a  P1000  pipet  and  collected  into  a  15  mL  conical  tube  with 
excess  of  hPSC  medium  (without  bFGF). 

3.  After  a  spinning  step  (120  x^),  the  pellet  is  taken  up  in  10  mL 
of  hPSC  medium  (without  bFGF)  containing  10  uM  ROCK 
inhibitor  Y-27632  (preventing  cell  death/anoikis  of  single 
cells)  and  plated  on  0.1  %  gelatin-coated,  tissue  culture -treated 
dishes  for  30  min,  allowing  the  remaining  fibroblast  feeders  to 
attach. 

4.  The  single  cell  suspension  of  floating  hPSCs  purified  in  such 
manner  is  collected,  spun  down  at  120  xjj  and  plated  at  a  den- 
sity of  ca.  20,000  cells/cm2  into  10  %  Matrigel-coated  dishes 
in  hPSC  medium  with  10  uM  Y-27632  and  8  ng/mL  bFGF. 

5.  After  2  days,  medium  is  changed  to  N2  medium  containing 
neuralizing  agents  such  as  0.2-1  fiM  Dorsomorphin  (a  small 
molecule  as  a  more  cost  effective  alternative  to  300  ng/mL  of 
recombinant  noggin)  as  well  as  10  fiM  SB431542  (for  dual 
Smad  inhibition  according  to  Chambers  et  al.  [51]). 
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6.  Media  is  changed  every  2-3  days  in  vitro,  and  cells  are  differ- 
entiated in  this  manner  for  10-12  days  upon  which  neural 
markers  and  occasional  neural  rosettes  arise. 

7.  Patterning  toward  phenotype  of  interest  is  usually  initiated  at 
this  stage  (see  Subheading  2.2). 

8.  For  terminal  differentiation,  cells  are  harvested  en  bloc  (tissue 
pieces)  or  alternatively  after  careful  harvesting  and  transfer  by 
gentle  enzymatic  digestion  with  TrypLE  to  conditions  on 
poly-ornithine/laminin  with  N2-medium  containing  20  ng/ 
mL  bFGF  (for  optional  expansion)  and/or  for  neuronal  dif- 
ferentiation with  ascorbic  acid,  BDNF,  GDNF,  cAMP  after 
removal  of  the  mitogen. 

9.  An  optional  expansion  step  of  the  generated  neural  precursor 
cells  with  bFGF  and  EGF  at  20  ng/mL  each  in  N2-based 
medium  on  poly-ornithine-/laminin-coated  dishes  can  be 
inserted  between  procedure  steps  7  and  8. 

2.3   Notes  on  As  pointed  out  earlier,  phenotypic  patterning  exploits  insights  into 

Subtype  Specification  normal  development.  Consequently,  patterning  molecules  of 
and  In  Vitro  known  relevance  from  in  vivo  or  primary  tissue  studies  are  being 

Phenotypic  Readout         applied  depending  on  the  phenotype  of  interest.  See  above 

(Subheading  2.2.1:  Preparation — Stock  Solutions)  for  working 

concentrations  commonly  used. 

1.  Joint  application  of  fibroblast  growth  factor-8  and  Shh  (or  the 
small  molecule  alternative  of  1  purmorphamine  [47])  leads 
to  the  ventro-dorsal  and  rostro-caudal  establishment  of  ventral 
midbrain  coordinates,  essential  for  DA  neuronal  development. 
Originally  this  was  applied  by  Lee  et  al.  in  murine  ES  cell  sys- 
tems but  has  been  equally  successfully  applied  in  hPSC  DA 
differentiation  [38,  40,  43].  Appropriate  markers  for  midbrain 
DA  phenotypic  readout  include  tyrosine  hydroxylase,  Pitx3, 
Lmxla,  and  Nurrl,  among  other. 

2.  While  inhibitory  GABAergic  neurons  frequently  comprise  a 
considerable  fraction  of  a  number  of  neural  differentiation  pro- 
tocols, the  targeted  differentiation  of  specific  subtypes  of  ther- 
apeutic relevance  such  as  striatal  medium-spiny  GABAergic 
neurons  lost  in  HD  has  proven  more  difficult.  Aubry  et  al. 
[48]  utilized  Shh  as  well  as  Wnt -pathway  modulating  agents  to 
induce  ventral  telencephalic  cell  fates.  As  a  readout, 
DARPP32-positivity  is  indicative,  as  well  as  expression  of 
GAD67,  calbindin,  and  calretinin  of  GABAergic  neuronal 
differentiation. 

3.  Oligodendrocyte  differentiation  protocols  exploit  growth  fac- 
tors known  to  promote  oligodendroglial  phenotype  such  as 
Platelet-derived  growth  factor  (PDGF)  as  part  of  the  differen- 
tiation cocktail  [46]. 
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4.  In  analogy  to  the  aforementioned  principle,  as  Lower 
Motoneurons  are  located  in  the  ventral  spinal  cord,  ventraliz- 
ing  factors  such  as  Shh  are  combined  with  the  caudalizing  effect 
of  RA  to  derive  MNs  from  hPSCs.  In  that  manner,  PSCs  can  be 
directed  toward  OHg2  expressing  spinal  neural  precursors  and 
ultimately  HB9  (MNR2)  expressing  motoneurons  [47,  53]. 

5 .  Significant  progress  has  also  been  made  with  the  derivation  of 
RPE  cells  to  be  applied  in  ophthalmological  disease  [54]. 


2.4  Neural  Cell 
Transplantation 
to  the  Central 
Nervous  System 


2.5  Example 
Protocol  2:  Neural 
Transplantation 
Procedure 

2.5.1  Materials 
and  Preparation 


As  described  earlier  (see  Subheading  1.2),  optimized  protocols  of 
administering  cells  to  the  CNS  are  particularly  well  established  in 
models  of  neurodegenerative  diseases  such  as  PD  and  HD.  In  both 
cases  the  therapeutic  strategy  employed,  experimentally  as  well  as 
clinically  [25,  26,  55],  is  that  the  cells  (1)  is  introduced  with  the 
precision  of  stereotactical  surgical  methods  (Fig.  2)  either  horao- 
topically  (i.e.,  at  the  site  of  neuronal  degeneration)  or  ectopically 
(i.e.,  at  a  site  other  than  where  the  neuronal  loss  occurs);  and  (2)  is 
identical/similar  in  phenotype  to  that  of  the  lost  neurons,  for 
example,  DAergic  in  PD  and  GABAergic  in  HD.  An  alternative  to 
the  direct  stereotactical  cell  delivery  is  the  intravenous  injection  of 
cells  into  the  blood  stream  followed  by  migration  to  the  target 
area,  and  such  methods  are  being  explored  to  mitigate  cell  loss  fol- 
lowing stroke,  among  other.  Although  the  mechanisms  of  action 
of  such  an  approach  are  unknown,  it  is  believed  that  the  impact  of 
the  cells  can  occur  through  indirect,  immunomodulatory,  or  tro- 
phic mechanisms,  for  example  [56,  57].  For  spinal  cord  injury,  cell 
administration  is  frequently  performed  by  direct  injection  of,  for 
example,  oligodendroglial  cells  in  or  immediately  around  the  area 
of  an  acute  or  subacute  lesion  [46].  The  experimental  establish- 
ment of  animal  models  of  neurodegenerative  disease  is  described  in 
detail  in  several  previous  publications  [58-61],  below  we  summa- 
rize a  typical  protocol  for  the  harvesting,  preparation,  and  stereo- 
tactical transplantation  of  PSC-derived  neural  cells  into  an  animal 
model  of  HD.  The  cell  source  might  vary  depending  on  the  candi- 
date disease,  but  the  overall  methodology  would  be  very  similar 
also  when  grafting  into  other  animals  models. 

Note:  Experiments  involving  animals  must  adhere  to  national  and 
institutional  regulations  and  require  approval  by  the  respective 
authorities.  Critically  consider  the  scientific  and  biomedical  ratio- 
nale for  the  number  of  animals  used. 

Toxin  preparation 

1.  For  the  PD  model:  6-Hydroxydopamine 

2.  For  the  HD  model:  Quinolinic  acid 

3.  Saline 

4.  Ascorbic  acid 

5.  Phosphate -buffered  saline 
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Fig.  2  Lesion  and  transplantation  of  cells  into  animals.  A  stereotactic  approach  (a)  is  used  to  establish  the 
animal  model  into  which  cells  are  transplanted  into  as  this  ensures  the  required  precision  concerning  the 
placement  of  the  cells.  The  bore  holes  are  prepared  using  a  fixed  or  hand  held  drill  where  the  coordinates  are 
taken  from  the  bregma  (b;  bregma  indicated  by  the  arrow).  The  cells  are  delivered  into  the  brain  using  either 
a  steel  cannula  (c,  left)  or  a  glass  capillary  (c,  right)  which  causes  less  tissue  damage.  When  using  the  latter 
approach,  also  known  as  microtransplantation,  a  glass  capillary  of  50  \im  inner  diameter  is  connected  with  a 
short  polyethylene  tube  to  a  2-5  uL  Hamilton  syringe  {arrows,  d).  In  either  case,  the  steel  cannula  or  the  capil- 
lary is  loaded  with  the  cell  suspension  and  used  to  penetrate  the  brain  to  the  required  depth  as  determined  by 
the  stereotactic  atlas.  Images  (c)  and  (d)  have  been  adapted  from  ref.  71 

6.  10  M  sodium  hydroxide 

7.  Precision  balance 

8.  1.5  mL  microcentrifuge  tubes 

9.  Sonicator,  vortex 

10.  pH  meter,  litmus  paper 
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Surgery 

1 .  Stereotactic  frames 

2.  Micropump 

3.  Steel  cannulae 

4.  2  and  10  uL  Hamilton  syringe 

5.  Glass  capillaries  (I.D.  50-70  \im) 

6.  Polythene  tubing  (I.D.  0.28  mm) 

7.  Paracetamol    tablets    and    diazapam    (postoperative  pain 
management) 

8.  Surgery  tools:  scalpel,  suture,  scissors,  etc. 

9.  Trypan  blue  stain  0.4  % 

10.  Cell  source:  appropriately  patterned  and  differentiated  neural 
cells 

OHDA  preparation 

Powder  form  of  6-OHDA  is  weighed  out  and  stored  in  1.5  mL 
microcentrifuge  tubes  in  the  fridge  prior  to  use.  When  required  for 
the  lesion,  appropriate  amount  of  the  toxin  is  freshly  made  up  with 
0.2  %  ascorbic  acid  to  a  working  dilution  of  3.6  ug/uL.  The  solu- 
tion is  protected  from  light  and  kept  on  ice,  and  is  discarded  after 
3  h  maximum. 

Stock  (0.12  M)  Quinolinic  acid  preparation 

Quinolinic  acid  (QA)  has  a  molecular  weight  of  167.12.  The  aim 
is  to  prepare  6.25  mL  of  stock  solution  using  125  mg  of  research 
grade  quinolinic  acid.  Dissolve  125  mg  of  QA  in  750  uL  PBS 
(pH  =  7.4),  add  50  uL  of  10  M  sodium  hydroxide.  Sonicate  the 
above  solution  for  15  min.  Add  3,200  uL  PBS.  The  total  volume 
at  this  stage  will  be  4  mL,  and  this  is  will  permit  the  use  of  a  pH 
meter.  Add  50  uL  of  10  M  sodium  hydroxide  to  bring  the  solution 
to  pH  =  7.4;  if  pH  needs  to  be  adjusted  use  sodium  hydroxide  or 
concentrated  hydrochloric  acid.  Add  2,200  uL  of  PBS  to  obtain 
the  required  concentration  of  0.12  M  QA.  Check  pH  again,  and  if 
needed  adjust  to  pH  =  7.4.  Aliquot  50  uL  of  QA  into  microcentri- 
fuge tubes,  label  and  store  in  freezer  at  -20  °C.  The  stock  can  be 
stored  at  -20  °C  safely  for  12  months;  beyond  this  time  point  a 
new  batch  should  be  made  up. 

Note:  The  final  pH  is  essential  and  the  toxin  going  into  solution 
depends  on  this.  Instead  of  directly  measuring  the  pH  with  litmus 
paper  (which  in  case  of  small  volumes  could  itself  absorb  a  signifi- 
cant quantity  of  solution  and  change  the  concentration),  one 
should  dip  a  needle  tip  into  the  toxin  and  bring  the  tip  into  contact 
with  the  litmus  paper. 
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2.5.2  Procedure  Surgery  and  ksioning 

Anesthesia  is  induced  by  placing  the  animal  into  an  induction  box 
with  3-4  %  isoflurane  volatilized  by  02  used  as  the  carrier  gas. 
Once  in  deep  anesthesia,  the  animal  is  transferred  into  the  stereo- 
tactic frame  ready  for  surgery.  The  lesion  coordinates  are  set 
according  to  bregma  as  a  reference  point  for  the  antero-posterior 
(AP)  and  medio-lateral  (ML)  coordinates  and  the  dura  as  reference 
for  the  dorso-ventral  (DV)  coordinate,  using  die  brain  adas  Paxinos 
and  Watson  for  rats  [62],  or  Paxinos  and  Franklin  for  mice  [63]. 
The  bore  holes  are  made  with  a  drill  either  hand  held  or  fixed  to 
the  stereotactic  frame. 

PD  model 

Typically  a  6-OHDA  dose  of  3.6  mg/^L  in  saline  containing  0.2  % 
(w/v)  ascorbic  acid  is  used  to  induce  the  loss  of  DA  neurons  from 
the  substantia  nigra.  The  toxin  is  administered  into  the  brain  at  the 
level  of  the  medium  forebrain  bundle  (example  for  rats  given 
below)  that  contains  the  DA  projections  from  the  substantia  nigra 
to  striatum.  Alternative  targets  are  the  striatum  itself  leading  to 
partial  dopamine  loss  from  the  striatum,  or  the  substantia  nigra 
itself.  6-OHDA  is  taken  up  into  a  10  Hamilton  and  the  syringe 
is  lowered  into  the  brain  tissue. 


Track  # 

TB  (mm) 

AP  (mm) 

ML  (mm) 

DV  (mm) 

Volume  (nL) 

l 

-2.3 

-4.4 

-1.2 

-7.8 

2.5 

2 

+3.4 

-4.0 

-0.8 

-8.0 

3 

The  injection  rate  is  1.0  ^L/min  and  the  cannula  is  kept  in 
place  for  an  additional  4  min  before  it  is  slowly  retracted. 

HD  model 

QA-mediated  excitotoxic  lesioning  of  the  striatum  requires  preci- 
sion delivery  (assured  by  the  stereotactic  frame)  of  the  toxin  at  the 
planned  coordinates  (see  below  for  typical  values  for  rats),  of  the 
required  volume  and  at  the  required  pace  malting  it  necessary  to  use: 

1.  A  thin  steel  cannula  (recommended  size:  30  gauge)  that  pen- 
etrates the  brain  with  minimal  co-lateral  tissue  damage,  and 
which  is  fixed  to  the  stereotactic  arm. 

2 .  A  micropump  capable  of  delivering  sub-microliter  volumes  of 
toxin  over  minutes. 

3.  Polythene  tubing  with  an  inner  diameter  of  approximately 
0.28  mm. 

The  polythene  tube  is  used  to  connect  up  the  steel  cannula 
with  a  Hamilton  syringe  which  is  placed  in  the  micropump.  The 
Hamilton  syringe-tubing-cannula  system  is  loaded  with  saline  to 
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render  it  airtight.  Prior  to  lesioning,  an  air  bubble  is  introduced 
into  the  tube  to  mark  the  interface  between  the  saline  and  the 
toxin.  This  is  done  to  visually  confirm  the  flow  of  the  solution 
through  the  system. 

Typical  coordinates  of  QA  striatal  lesion: 


Track  # 

TB  (mm) 

AP  (mm) 

ML  (mm) 

DV  (mm) 

Volume  (nL) 

l 

0.0 

+  1.0 

+2.9 

-5.0/-4.0 

0.2 

2 

0.0 

-0.4 

+3.3 

-5.07/-4.0 

0.2 

Under  this  two  track  and  two  deposits/track  protocol  a  total 
of  four  deposits  of  0.20  uL  (total  of  0.8  uL)  of  QA  is  released  into 
the  striatum. 

Post-surgery  care 

Surgery  is  a  major  intervention  and  the  health  status  of  the  animals 
must  be  monitored  afterwards.  Postoperative  anesthesia  must  be  in 
accordance  with  local  rules  and  regulations  dealing  with  animal 
welfare.  Typically,  the  administration  of  paracetamol  in  the  format 
of  soluble  tablet  in  the  animals'  water  bottle  a  day  before  and  for 
48  h  after  surgery  is  advised;  however,  the  intermuscular  injection 
of  diazepam  into  a  hind  leg  muscle,  and  the  injection  of  saline/ 
glucose  bolus  subcutaneously  in  the  scruff  immediately  after  the 
surgery  might  be  also  necessary. 

Transplantation 

1.  At  late  stage  of  differentiation  (e.g.,  day  in  vitro  35  for 
GABAergic  neurons),  cells  are  harvested  from  the  multi-well 
dishes  by  gentle  enzymatic  dissociation  with  TrypLE. 

2.  Optional  cell  sorting/purification  step:  Massive  tumor  over- 
growth observed  in  earlier  studies  [44,  48]  can  be  circum- 
vented by  adding  a  sorting  step  for  the  CD15"/CD24hlsh/ 
CD29low  subset  [64]. 

3.  Viability  of  the  embryonic  cells  is  assessed  by  Trypan  Blue 
exclusion  prior  to  grafting  using  a  hemocytometer.  The  single - 
cell  suspension  is  adjusted  to  a  concentration  as  required  by 
the  particular  study,  but  a  typical  working  concentration  is 
100,000  cells/uL.  The  total  volume  prepared  in  transplanta- 
tion medium  depends  on  the  number  of  animals  grafted  and 
the  number  of  cells  available. 

4.  The  transplantation  procedure  takes  place  immediately  follow- 
ing the  preparation  of  the  cell  suspension.  Typically,  in  our  lab- 
oratories, transplantation  is  done  using  a  glass  capillary  with  a 
diameter  of  50-70  um  connected  via  an  adaptive  polyethylene 
tube  to  the  cannula  of  a  5  uL  Hamilton  microsyringe  or  a  10  uL 
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Hamilton  microsyringe  with  26-Gauge  steel  cannula.  While  the 
former  method  has  been  reported  to  result  in  better  cell  sur- 
vival [65,  66],  the  second  approach  may  allow  for  inclusion  of 
smaller  aggregates  which  has  been  interpreted  as  advantageous 
in  a  recent  human-to-rodent  transplantation  study  [67]. 

5.  First,  host  animals  are  anesthetized  using  isoflurane  and  posi- 
tioned in  a  rodent  stereotactic  frame.  The  animal's  head  is  pre- 
pared appropriately  with  the  bore  -hole  drilled  at  the  coordinates 
required  by  the  protocol  (obtained  from  stereotactic  atlases  for 
mice  [63]  or  rats  [62]).  The  cell  suspension  is  aspirated  into 
the  glass  capillary/cannula  and  the  instrument  is  lowered  into 
the  respective  target  area. 

6.  Cells  are  expelled  at  a  rate  of  1  nL/min  from  the  instrument, 
and  the  capillary  or  cannula  is  kept  in  place  for  2  min,  before 
slowly  retracting. 

7.  If  the  protocol  requires  several  cell  deposits  at  different  coor- 
dinates, then  the  procedure  is  repeated  until  the  final  deposit 
has  been  made.  Typically,  between  200,000  and  500,000  cells 
are  grafted,  but  this  needs  to  be  carefully  assessed  depending 
on  the  cell  source  and  its  proliferative  properties. 

8.  Following  grafting,  the  instruments  are  gently  removed,  the 
exposed  area  carefully  rinsed  with  the  sterile  saline  solution. 
While  still  in  the  ear  bars,  the  scalp  wound  is  closed  with  wound 
clips,  and  treated  with  antibiotic  ointment.  As  analgesic,  the 
animals  can  be  given  s.c.  Temgesic  (0.05  mg  buprenorphine- 
hydrochloride/kg  bodyweight)  in  the  neck. 


3   Overview  of  Suitable  Readout  Methods  of  Neural  Repair 

3.1  Notes  on  In  Vivo  Functional  analysis  is  indispensible  if  the  investigator  is  interested 
Functional  Analysis  in  potential  in  vivo  therapeutic  relevance  of  the  cells.  Cells  can 
and  Behavior  survive,  migrate,  differentiate  into  various  phenotypes,  and  even 

morphologically  and  anatomically  integrate  in  the  host  CNS  to 
some  degree,  but  its  therapeutic  use  is  compromised  if  it  is  not 
capable  of  having  an  impact  on  the  host's  behavior  as  assessed  by 
motor  and/or  cognitive  tests. 

Functional  testing  of  animals  can  be  divided  into  two  large 
categories:  Manual  and  Operant  testing.  These  two  labels  refer  to 
various  aspects  of  the  nature  of  the  tests  such  the  degree  of  involve- 
ment of  the  investigator  with  the  experimental  animal,  the  number 
of  trials  per  session,  methods  of  data  collection,  etc.  However,  they 
are  not  indicative  of  the  general  faculty  of  the  animal  that  is  being 
tested,  because  with  both  type  of  tests  the  investigator  can  study 
motor,  sensorimotor,  or  cognitive  behavior.  Manual  tasks  are  the 
most  common  and  widespread  behavioral  procedures,  and  many 
nonbehavioral  scientists  may  familiarize  themselves  with  them  as 
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they  do  not  require  extensive  specialist  knowledge  and  limited 
equipment  (drug-induced  rotation,  in  particular).  There  are  four 
categories  of  manual  test  to  study  graft-mediated  recovery: 

1.  Simple  motor  tasks:  These  tests  are  predominantly  observa- 
tional tests  where  the  animals  are  placed  either  in  an  open  field, 
in  a  specially  designed  apparatus  or  in  holding  cages,  and  their 
behavior  is  recorded.  Behavioral  patterns  such  as  locomotor 
activity  (spontaneous  or  activated),  explorative  profiles,  or 
drug-induced  rotation  can  be  carried  out  with  the  help  of  video 
recording  or  tracking  equipment.  Simpler  analysis  methods 
might  include  placing  ink  on  the  feet  of  the  animals  to  analyze 
the  walking  pattern  revealed  by  footprints  on  paper  [68,  69]. 

2.  Sensorimotor  tasks:  These  tasks  involve  more  interaction 
between  the  animals  and  their  environment.  Essentially,  the 
objective  of  the  tasks  is  to  analyze  how,  and  to  what  degree  the 
animals  are  relying  on  their  sensory  inputs.  The  animal  models 
of  Parkinson's  and  Huntington's  diseases  we  use  rely  on  uni- 
lateral dopamine  depletion  and  unilateral  striatal  lesion.  As 
such,  these  tasks  are  very  useful  in  revealing  lateralized  neglect 
and  deficits,  and  have  been  shown  to  be  sensitive  to  transplan- 
tation mediated  recovery.  Examples:  Stepping  test,  Cylinder 
test,  Corridor  test,  and  Disengage  test  [70-72]. 

3.  Motor  skills  tasks:  These  tasks  combine  both  motor  aspects 
and  interaction  with  the  apparatus,  but  in  addition,  require 
motor  learning  as  well.  Performance  on  these  tasks  depends  on 
balance,  equilibrium,  or  fine,  skilled  digit  control.  Examples: 
Paw-reaching,  Beam  balance,  and  Rotorod  [73-76]. 

4.  Cognitive,  learning,  and  memory  tasks:  There  are  a  variety  of 
mazes  as  manual  test  that  are  capable  of  examining  working 
and  reference  memory,  hippocampal,  and  striatal  learning. 
Examples  are  T-maze,  Y-maze,  or  the  8-arm  radial  maze  [77]. 

Operant  testing  is  the  reserve  of  behaviorally  specialized  labo- 
ratories and  is  generally  not  used  to  simple  screen  to  see  whether  a 
graft  has  functional  effect  or  not.  For  a  review  on  operant  testing 
see  ref.  78 . 


3.2   Notes  Overview 

on  Postmortem  Postmortem  histological  (Fig.  3)  assessment  is  paramount  to  every 

Histological  Analysis  stem  cell  transplantation  study  as  it  offers  the  opportunity  to  con- 
firm the  survival  of  the  cells,  their  distribution  and  phenotype,  their 
migratory  properties,  as  well  as  the  number  of  cells  and  the  volume 
of  the  graft,  for  example.  The  quantitative  and  qualitative  descrip- 
tion of  the  grafted  cells  can  then  feedback  into  the  interpretation  of 
the  presence  or  absence  of  any  graft-mediated  functional  effects 
observed  during  the  behavioral  assessment  period.  We  briefly  sum- 
marize typical  methodological  steps  for  the  postmortem  assessment 
of  striatal  grafts  in  animal  models  of  HD  or  PD,  for  instance. 
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Fig.  3  Assessment  of  transplanted  cells  by  histological  methods.  In  the  rodent  model  of  HD  primary  tissue 
grafts  (here:  E14  whole  ganglionic  eminence)  can  be  visualized  using  various  markers  such  as  the  neuronal 
marker  NeuN  (a),  the  enzyme  tyrosine  hydroxylase  (labeling  DA  afferents,  b),  or  the  striatal  tissue  marker 
dopamine-,  cAMP-regulated  phosphoprotein  of  32,000  kDa,  DARPP-32  (c).  Morphology  and  ultrastructural 
properties  of  the  grafted  neurons  can  be  studied  if  the  cells  express  particular  markers,  e.g.,  p-Galactosidase 
allowing  the  identification  of  dendritic  spines  (indicated  by  arrows,  d).  Using  tissue  from  donor  animals  that 
express  GFP  in  specific  neuronal  subpopulations  is  also  an  option  (arrows  show  fibers  of  graft  origin  projecting 
into  the  host,  e).  Fiber  outgrowth  from  grafted  human  neural  stem  cells  can  also  be  studied  using  antibodies 
specific  to  human  neurofilament  (arrows,  f).  DA  cells  grafted  into  models  of  PD  are  typically  visualized  by 
tyrosine  hydroxylase  showing  graft  derived  fiber  outgrowth  (g).  When  using  xenografts,  for  example  human 
tissue  into  the  rat,  markers  for  human  nuclei  (h),  or  human  neurofilament  (i)  can  be  used.  LV lateral  ventricle, 
CC  corpus  callosum,  Ctx  cortex,  AC  anterior  commisure.  Dots  delineate  the  grafted  tissue  in  all  cases,  the 
asterisk  identifies  the  graft.  Scale  bars:  panels  a-c  and  g-i,  1  panel  d,  10  \im;  panels  e-f,  50  \im.  Images 
have  been  adapted  from  refs.  73, 75,  79, 83.  Images  (a-f)  have  been  adapted  from  refs.  79, 83 
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Perfusion,  fixation,  sectioning 

1 .  At  the  end  of  the  study  animals  are  terminally  anesthetized  by 
intraperitoneal  injection  of  an  overdose  of  ketamine  and  rom- 
pun  and  transcardially  perfused  with  300  mL  0.1  M  PBS  fol- 
lowed by  300  mL  4  %  paraformaldehyde  in  0.1  M  PBS. 

2.  The  brains  are  removed  and  postfixed  in  4  %  paraformaldehyde 
for  1.5-24  h,  then  immersed  in  30  %  sucrose  in  0.1  M  PBS  for 
24  h  until  they  sink  for  cryoprotection. 

3.  Typically,  tissue  is  serially  sectioned  on  a  freezing  microtome  at 
a  thickness  of  40  (im  through  both  the  striatum  and  substantia 
nigra  and  collected  as  six  series.  Cutting  of  the  brain  can  occur 
also  on  a  vibratome,  or  a  cryostat,  in  which  case  the  prepara- 
tions will  vary. 

Staining  and  immunohistochemical  analysis 

1.  Free  floating  sections  are  washed  3x  with  PBS,  pre-incubated 
for  2  h  in  3  %  bovine  serum  albumine/0.3  %  Triton  X-100/ 
PBS  and  incubated  overnight  at  room  temperature  with  the 
selected  antibodies  (for  examples  of  antibodies  used  see  Table  1). 
Typically,  we  would  use  NeuN,  a  marker  of  mature  neurons; 
DARPP32,  a  marker  of  striatal  tissue  [79,  80];  and  tyrosine 
hydroxylase,  a  marker  used  to  identify  DA  neurons  and  axonal 
input  [81].  Human  cells  in  rodent  brain  can  further  be 
identified  by  human  nuclei/human  nuclear  antigen  (HNA)  as 
well  as  the  surface  marker  human  neural  cell  adhesion  mole- 
cule (NCAM). 

2.  After  three  washes  with  PBS,  sections  are  incubated  for  2  h 
with  biotinylated  secondary  antibody  for  diaminobenzidine- 
based  (DAB)  staining  or  with  fluorescent-labeled  secondary 
antibody.  Visualization  of  the  biotinylated  antibody  is  carried 
out  with  the  ABC-kit  (Vector,  Germany)  and  DAB  (Merck, 
Germany).  Sections  are  mounted  on  slides,  dehydrated  and 
cover  slipped,  and  subjected  to  image  analysis  using  a  light/ 
fluorescent  microscope  and  appropriate  software. 

3.  Double-/triple-labeling  studies  use  fluorescent  secondary  anti- 
bodies to  describe  the  co-expression  of  markers,  while  other 
quantitative  measurements  are  carried  out  with  DAB-stained 
sections.  The  extent  of  the  lesion  or  the  volume  of  the  graft  is 
estimated  by  tracing  the  outlines  of  the  cross  section  areas 
throughout  the  anterior-posterior  axis  of  the  region  of  interest, 
e.g.,  the  striatum,  on  the  appropriate  stained  sections :  DARPP-  32 
to  identify  the  striatal-like  sections  in  the  graft.  The  volumes  are 
then  calculated  by  talcing  into  account  the  sum  of  the  areas  and 
correcting  for  section  thickness  (M)  and  sample  frequency  (J): 
Volume  (mm3)  =  ^  of  areas  (mm2)  x  (M)  x  (J). 
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4.  The  cell  counting  method  will  depend  on  the  number  of  cells 
there  are  to  count.  If  only  an  estimate  is  possible  because  the 
numbers  range  in  the  thousands  per  graft  per  section  (e.g., 
using  a  general  neuronal  marker),  one  needs  to  apply  unbiased 
stereological  counting  methods  [82].  However,  if  the  cell  pop- 
ulation of  interest  (e.g.,  DARPP-32  or  TH-positive  cells) 
ranges  in  the  hundreds  then  the  cells  can  be  counted  manually 
using  a  light  microscope.  Counting  should  be  done  across  the 
anterior-posterior  axis  of  the  region  of  interest  on  sections 
where  the  distance  between  consecutive  sections  and  the  fre- 
quency of  sections  is  known.  The  Abercrombie  formula  of  cell 
estimate  is  used  as  this  corrects  for  the  possibility  of  over  count- 
ing: Cell  number,  P,  is  calculated  by  the  formula: 
P=l/fxAxM/(D+M),  where  A  is  the  cell  count  from  the 
entire  graft,  /  is  the  frequency  of  sections,  M  is  the  section 
thickness,  and  D  is  the  average  cell  diameter. 
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Chapter  8 


Cell-Based  Therapies  for  Myocardial  Repair:  Emerging  Role 
for  Bone  Marrow-Derived  Mesenchymal  Stem  Cells  (MSCs) 
in  the  Treatment  of  the  Chronically  Injured  Heart 

Jose  S.  Da  Silva  and  Joshua  M.  Hare 


Abstract 

Accumulating  data  support  the  use  of  bone  marrow  (BM)-derived  MSCs  in  animal  models  (e.g.,  swine)  to 
restore  cardiac  function  and  tissue  perfusion  in  chronic  cardiac  injury.  Based  on  results  obtained  in  swine, 
we  are  currently  conducting  phase  I/II  clinical  trials  to  address  the  safety,  cell  type,  cell  dose,  delivery 
technique,  and  efficacy  of  MSCs  in  patients  with  chronic  heart  failure.  MSCs  for  these  trials  are  isolated 
from  harvested  BM  and  then  processed  and  expanded  for  intracardiac  injection.  The  BM-MSCs  in  use  for 
the  clinical  trials  are  of  clinical  grade  having  been  processed  successfully  in  an  FDA- approved  cGMP 
facility. 

Key  words  BM  MSC,  FDA,  MI,  HF,  cGMP,  cGTP,  IND,  HCT/P,  CMC 


1  Introduction 

Cell-based  therapies  and  regenerative  medicine  represent  an  excit- 
ing and  emerging  field  where  cells  (either  autologous  or  allogeneic 
preparations)  are  used  for  the  treatment  of  damaged  cells,  tissues, 
or  organs  due  to  diseases  or  injury  [1],  Since  the  first  bone  marrow 
transplant  was  conducted  in  1968  [2-4],  BM  stem  cells  (SC), 
marrow-derived  stromal  cells,  and  MSCs  [5]  have  been  the  focus 
of  extensive  biologic  and  translational  investigations  [6].  MSCs 
offer  therapeutic  potential  due  to  their  ability  to  self-renew,  give 
rise  to  specialized  cell  types,  be  immune -privileged,  be  immuno- 
suppressive, and  be  expanded  extensively  in  in  vitro  adherent  cul- 
tures without  loss  of  function  and  phenotype  [7-10].  While  the 
greatest  limitation  to  their  use  is  their  low  abundance  in  the  bone 
marrow,  this  is  offset  by  their  proliferative  capacity  ex  vivo.  Today, 
the  therapeutic  method  of  choice  to  treat  end  stage  heart  failure 
(HF)  is  heart  transplant  despite  its  inherent  hurdles  [11,  12]; 
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nevertheless,  cell-based  therapies  could  offer  a  major  new  alternative 
therapeutic  solution  for  patients  with  myocardial  infarction  (MI), 
heart  failure,  or  congenital  heart  disease  by  rescuing  or  regenerat- 
ing the  myocardium  [13-16].  Before  these  therapeutic  agents  can 
be  used  in  humans,  an  investigational  new  drug  (IND)  application 
is  required  to  be  submitted  to  the  Food  Drug  Administration 
(FDA)  since  their  licensing  is  subjected  to  the  Public  Health  Act. 

Before  submitting  an  IND  application  to  the  FDA,  safety  and 
effectiveness  of  the  cell  therapeutic  should  be  addressed  in  preclini- 
cal studies.  These  studies  are  performed  both  in  vitro  and  in  vivo 
and  the  proof-of-concept  requires  appropriate  selection  of  an  ani- 
mal model.  The  most  important  safety  aspect  that  must  be 
addressed  in  preclinical  studies  is  the  purity  of  the  cell  therapeutic 
followed  by  the  cell  type  and  its  potency.  Cell  therapeutics  repre- 
sent a  high  safety  risk  due  to  potential  contamination  from  other 
cell  sources,  microorganisms,  or  adventitious  agents  due  to  the 
manipulation  required  and  the  different  reagents  used  during  cul- 
ture. Moreover,  genetic  aberration  can  arise  during  long-term  cell 
culture.  Other  areas  to  investigate  during  the  preclinical  studies  are 
the  route  of  infusion,  dose,  engraftment,  engraftment  duration, 
bio-distribution,  and  tumori genesis. 

Several  studies  have  demonstrated  the  use  of  MSCs  effectively 
in  vivo  [17].  As  a  primary  example,  we  have  conducted  a  random- 
ized blinded,  placebo-controlled  trial  of  BM-MSCs  in  adult  mini 
swine  to  assess  whether  autologous  MSCs  safely  reduce  infarct  size 
and  improve  cardiac  function  in  post  myocardial  infarction  (MI) 
heart  failure  (HF).  This  study  demonstrated  that  (1)  autologous 
MSCs  can  be  safely  isolated  from  BM  obtained  from  pigs  in  a  por- 
cine model  of  ischemic  HF;  (2)  MSCs  can  be  safely  cultured  and 
expanded  (4-7  passages)  ex  vivo  in  order  to  obtain  adequate  num- 
bers of  cells  necessary  for  the  infusion;  (3)  the  phenotype  and 
purity  of  the  isolated  cells  were  MSCs  which  were  assessed  by  flow 
cytometry  (CD45"/CD90+)  and  CFU-F  assay;  (4)  the  MSCs  can 
be  safely  delivered  epicardially  by  injections  into  and  surrounded 
akinetic  or  hypokinetic  areas  of  the  heart;  and  (5)  MSCs  in  two 
different  cell  doses  (low  =  20  x  106  and  high  =  200  x  106)  effectively 
showed  over  time:  (a)  a  decrease  in  scar  size,  (b)  a  decrease  in  the 
circumferential  extent  of  the  infarct  scar,  (c)  an  increase  in  wall 
thickness  in  the  infarct  region,  (d)  increased  improvement  in  con- 
tractile function,  (e)  increased  perfusion,  (f)  improved  global  left 
ventricular  (LV)  function,  and  (g)  an  increase  in  ejection  fraction 
(EF)  compared  to  the  placebo  group.  The  use  of  MSCs  did  not 
foster  neoplastic  processes  for  the  duration  of  the  study  [17].  Even 
though,  most  of  the  questions  about  safety  and  efficacy  were 
answered,  there  are  concerns  about  the  safety  of  using  late  passage 
MSCs  since  genetic  abnormalities  may  occur  as  well  as  histological 
proof  of  MSC  engraftment  and  heart  tissue  calcification  at  the  site 
of  infusion  [17]. 
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The  results  of  these  studies  were  used  as  preclinical  data  for  the 
IND  submission  to  the  FDA  of  the  approved  clinical  trial 
PROMETHEUS  (A  Phase  I/II,  Randomized,  Double-Blinded, 
Placebo-Controlled  Study  of  the  Safety  and  Efficacy  of 
Intramyocardial  Injection  of  Autologous  Human  Mesenchymal 
Stem  Cells  (MSCs)  in  Patients  With  Chronic  Ischemic  Left 
Ventricular  Dysfunction  Secondary  to  Myocardial  Infarction  (MI) 
Undergoing  Cardiac  Surgery  for  Coronary  Artery  Bypass  Grafting) 
(clinical  trials. govNCTO 05 87990)  [18,  19].  The  study  enrolled 
patients  who  meet  the  following  enrollment  criteria: 

1.  Diagnosis  of  chronic  ischemic  heart  failure  caused  by  MI. 

2.  Required  cardiac  surgery  for  Coronary  Artery  Bypass  Grafting 
CABG. 

3.  Ejection  fraction  between  15  and  50  %. 

4.  Presence  of  an  akinetic  or  dyskinetic  region  by  standard  imag- 
ing  [18]. 

A  BM  aspirate  was  obtained  approximately  5  weeks  before 
treatment  in  order  to  scale  up  the  autologous  MSCs.  The  BM  aspi- 
rate was  sent  to  our  cGMP  (current  Good  Manufacturing  Practice) 
facility  where  the  MSCs  were  scaled  up  and  processed  according  to 
FDA  cGMP/cGTP  guidelines  prior  to  infusion  at  the  time  of  sur- 
gery. Patients  were  randomized  to  three  different  groups:  placebo, 
low-dose  (20  x  106),  and  high-dose  (200  x  106)  MSC  groups. 

As  previously  mentioned,  the  use  of  cellular  therapies  in  pre- 
clinical and  clinical  trials  is  regulated  by  the  FDA.  Laboratory  prac- 
tices which  are  intended  to  collect  data  for  preclinical  research  or 
marketing  permits  for  products  regulated  by  the  FDA  fall  under 
the  guidelines  of  current  Good  Laboratory  Practices  (cGLP)  stated 
in  the  code  of  federal  regulations  21  CFR  Part  58,  which  assures 
the  integrity  and  the  quality  of  the  safety  data.  Manufacturing  of 
biologies  falls  under  cGMP  guidelines  as  stated  in  the  code  of  fed- 
eral regulations  21  CFR  parts  600-680.  GMPs  are  practices  that 
are  used  during  the  manufacturing  of  drug  products  for  adminis- 
tration to  humans  or  animals  or  for  the  manufacturing  of  biologi- 
cal products  for  administration  to  humans.  Under  the  cGMPs 
there  is  a  subset  of  regulations  which  deals  with  the  prevention  of 
the  introduction,  transmission  or  spread  of  communicable  diseases 
when  manipulating  Human  Cells,  Tissues,  and  Cellular  and  Tissue - 
Based  Products  (HCT/P)  and  it  is  defined  as  current  Good  Tissue 
Practices  (cGTP)  and  are  stated  in  21  CFR  1271. 

The  manufacturing,  processing,  or  scale  up  of  human  cell  ther- 
apies present  many  challenges  which  include  the  natural  character- 
istics of  the  different  components  used  to  generate  the  final 
product,  such  as  the  source  of  the  actual  cells  and  the  reagents  and 
supplies  that  will  come  in  contact  with  them,  the  probability  of 
adventitious  agent  contamination,  the  need  for  aseptic  processing 
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which  includes  the  processing  area,  and  the  inability  to  sterilize  the 
final  product  (cells)  [21].  Another  factor  that  should  be  taken  into 
account  is  the  product  transport  and  distribution  since  due  to  the 
nature  of  the  living  cells,  they  will  require  the  appropriate  transport 
temperature,  device  of  transport,  expiration  time,  and  stability  of 
the  product  as  well  as  the  availability  of  release  tests  results  [20]. 
The  manufacturing  issues  described  above  are  detailed  and  resolved 
in  the  Chemistry,  Manufacturing  and  Controlled  (CMC)  section 
ofthelND. 

The  detailed  description  on  the  manufacturing  process  in  the 
CMC  will  provide  a  good  assessment  of  the  identity,  quality,  purity, 
and  potency  of  your  product.  The  CMC  should  have  the  following 
manufacturing  key  points  [20]: 

1.  A  list  and  a  description  of  all  the  components  and  materials 
used  during  the  manufacture  of  the  cellular  product  [21],  such 
as  cells  (autologous  or  allogeneic),  cell  source  and  cell  type,  if 
the  cells  are  mobilized  or  activated,  collection  or  cell  recovery, 
transport  method  and  conditions  if  shipped  for  processing, 
donor  screening,  and  testing  [22],  cell  bank  systems  (Master 
Cell  Bank  and  Working  Cell  Bank)  if  applicable. 

2.  A  list  of  any  reagents  used,  most  importandy,  the  CMC  should 
detail  the  following  information:  (a)  vendor  information,  (b) 
concentration  information  of  the  reagent  at  the  step  that  is 
going  to  be  used,  (c)  source  (human,  porcine,  bovine,  horse, 
etc.)  with  their  respective  Certificate  of  Analysis  (COA),  be  of 
clinical  grade,  FDA  approved  or  cleared,  or  be  a  licensed  prod- 
uct; if  it  is  of  bovine  source,  have  all  the  requirements  for  the 
ingredients  of  animal  origin  used  for  production  of  biologies 
[23]  and  if  it  is  not  FDA  approved  or  cleared,  should  have  a 
qualification  program  for  additional  testing  in  order  to  assure 
the  safety  and  quality  of  the  reagent  (sterility,  endotoxin, 
mycoplasma,  and  adventitious  agents)  and  have  functional 
analysis,  purity  testing,  and  assays  (e.g.,  residual  solvent  test- 
ing) in  order  to  show  the  lack  of  dangerous  substances  [20]. 

3.  The  final  product  should  be  tested  to  see  if  reagents  used  dur- 
ing the  manufacturing,  which  are  toxic,  are  present. 

4.  The  lack  of  use  of  beta-lactam  antibiotics,  a  rational  if  used  and 
present  in  the  final  product,  and  the  actions  to  be  taken  to 
remove  traces  of  antibiotics  in  the  final  product. 

5.  A  list  with  concentration  and  source  information  of  all  excipi- 
ents  used  that  will  be  present  in  the  final  product  [24]. 

6.  A  description  of  all  procedures  used  during  the  collection,  pro- 
duction, and  purification  of  the  cell  product  with  a  schematic  of 
the  manufacturing  process  (Fig.  1),  and  the  in-process  and  final 
product  testing  [20]:  (a)  description  of  the  method  of  cell  collec- 
tion, cell  processing,  and  culture  conditions,  (b)  if  irradiation 
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(^\ BONE  MARROW  ASPIRATE 


Transportation  to  cGMP  Facility 


Open  Manipulation  in  ISO  Class  7 


Lymphocyte  Separation  Media 
Wash  x  3 

Wash  Media  (Plasma-Lyte  A,  HSA) 


Complete  Culture  Media  with 
Antibiotics  (Alpha  MEM,  L  Glutamine, 
FBS) 


Complete  Culture  Media  with 
Antibiotics  (Alpha  MEM,  L  Glutamine, 
FBS,  Pen/Strep) 


Product  Inspection 
Donor  Testing  Review 
(21  CFR  1271) 


FICOL  SEPARATION 
ISOLATION  OF  BM-MNC  < 


Sterility  (bioburden) 


Sterility  (bioburden) 
%  Viability 
CFU  Assay 


EXPANSION  OF  MSCs 

Passage  0 
10  Flasks  (BM-MNC  equally  divided) 
Incubate  @  37  °C,  5%  C02 
for  3  days  &  exchange  media 
Incubate  @  37  °C,  5%  C02 
Feed  every  3-4  days  until  >80% 
confluent  (about  14  days) 


PLACEBO  COHORT 
BM-MNC 
CRYOPRESERVATION 


Sterility  (bioburden) 
Endotoxin 


Trypsin  EDTA  1X  0.12% 
Wash 

Wash  Media  (DPBS  w/o  Ca++&  Mg++, 
HSA) 

Complete  Culture  Media  without 
Antibiotics  (Alpha  MEM,  L  Glutamine, 
FBS) 


Complete  Culture  Media  without 
Antibiotics  (Alpha  MEM,  L  Glutamine, 
FBS) 


HARVEST  OF  MSCs 


EXPANSION  OF  MSCs 

Passage  1  ^_ 
40  Flasks  (4  flasks  for  each  pO  flask) 
Incubate  @  37  °C,  5%  C02 
Feed  every  3-4  days  until  >80% 
confluent  (about  7  days) 


Sterility  (bioburden) 
%  Viability 


Trypsin  EDTA  1X  0.12% 
Wash 

Wash  Media  (DPBS  w/o  Ca"  &  Mg++, 
HSA) 


Cryopreservation  Media  (DMSO, 
Hespan,  HSA) 


FINAL  HARVEST  OF  MSCs 

1 

<  

r 

CRYOPRESERVATION  OF  MSCs  < 

FINAL  FORMULATION 

20  X  106  CELLS 
OR 

200  X  106  CELLS 


Sterility  (bioburden) 
%  Viability 
CFU  Assay 

Flow  cytometry  analysis 

Sterility  (bioburden) 
Endotoxin 


Thaw  Media  (Plasma-Lyte  A,  HSA) 


Sterility  (bioburden) 
Endotoxin 
Gram  Stain 


THAW 


Transportation  to  Infusion  Site 


PLACEBO  COHORT 

 X 

INFUSION 


Sterility  (bioburden) 
%  Viability 
Endotoxin 
Gram  Stain 


Lot  release  testing 

In  process  testing  &  controls 


Fig.  1  cGMP  manufacturing  overview 


is  needed,  (c)  description  of  the  final  harvest,  (d)  duration  of 
processing,  (e)  description  storage  conditions  if  they  are 
needed,  and  (f)  description  of  the  final  formulation. 
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7.  An  in-process  and  final  product  testing:  (a)  microbial  testing: 
bacterial  (anaerobic  and  aerobic)  and  fungal  testing  [25,  26], 
(b)  duration  of  the  test,  (c)  mycoplasma  testing  [27],  and  (d) 
adventitious  agents  testing. 

8.  A  final  product  identity  testing. 

9.  A  purity  testing  [28]  such  as  entoxing  testing  [29-31]  and 
gram  stain  testing. 

10.  A  potency  assay. 

1 1 .  A  minimum  release  criteria  for  cell  viability. 

12.  A  minimum  viable  cell  number  (cell  number/dose). 

13.  A  final  product  release  criteria  testing  (viability,  sterility,  myco- 
plasma, endotoxin,  and  cell  dose)  performed  in  each  lot  of  the 
manufacture  product  and  should  be  available  prior  to  the  infu- 
sion of  the  cell  product. 

14.  Aproduct  stability  testing  (in-process  and  final  product  testing) 
[32]. 

15.  A  product  tracking  system  [33]. 

16.  An  in-process  and  final  product  labeling  [34-36]. 

17.  A  description  of  types  of  container  and  closures  [37]. 


2  Materials 


2. 1   Isolation  of  Bone 
Marrow  Mononuclear 
Cell  by  Density 
Gradient 


Equipment 

1.  Microscope. 

2.  Biological  Safety  Cabinet  (BSC). 

3.  Centrifuge. 

4.  Vacuum  Pump. 

Supplies 
1.4x4  gauze,  sterile. 

2.  Conical  tubes,  50  and  250  ml,  sterile. 

3.  Pipettes,  1,  10,  25,  50  ml  and  aspirating  pipettes,  sterile. 

4.  Pipette-aid. 

5.  Surgical  gowns,  shoe  covers,  head  cover,  and  mask,  all  sterile. 

6.  Surgical  gloves,  sterile. 

7.  Vacuum  collection  flask  with  two  associated  sterile  tubing  sets, 
sterile. 

8.  Pipette  tips,  sterile. 

9.  Microscope  slides  for  cytospin. 
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2.2  Culture  and 
Expansion  of  Human 
Marrow  Mesenchymal 
Stem  Cells 


Reagents 

1.  Lymphocyte  Separation  Media  (LSM). 

2.  Plasma-Lyte  A,  lx. 

3.  Trypan  Blue. 

4.  Human  Serum  Albumin  (HSA),  25  %. 

Equipment 

1.  Microscope. 

2.  C02  Incubators. 

3.  Biological  Safety  Cabinet  (BSC). 

4.  Centrifuge. 

5.  Vacuum  Pump. 

6.  Hemocytometer. 

7.  Water  bath,  set  a  37  °C  (to  thaw  reagents  required  to  prepare 
the  necessary  media). 

8.  Pipette-aid. 

Supplies 

1.  Gauze  4x4,  sterile. 

2.  Conical  centrifuge  tubes,  50  and  250  ml,  sterile. 

3.  Pipettes,  1,  10,  25,  50  ml  and  aspirating  pipettes,  all  sterile. 

4.  Surgical  gowns,  shoe  covers,  head  cover,  and  mask,  all  sterile. 

5.  Surgical  gloves,  sterile. 

6.  Vacuum  collection  flask  with  two  associated  sterile  tubing  sets, 
sterile. 

7.  Pipette  tips,  200  ^1,  sterile. 

8.  Culture  flasks,  Nunc  A  T185  Cell  Culture  Treated,  sterile. 

9.  Cell  Scraper,  sterile. 

Reagents 

1.  Alpha  Minimal  Essential  Media  (MEM),  lx. 

2.  Penicillin-streptomycin-glutamine  (lOOx),  liquid. 

3.  Fetal  Bovine  Serum  (FBS),  Gamma  Irradiated. 

4.  Trypsin-EDTA,  lx;  0.12  %  Gamma  Irradiated. 

5.  Phosphate-Buffered  Saline  (DPBS),  Ca  and  Mg  free. 

6.  L-Glutamine  200  mM  (lOOx). 

7.  HSA,  25  %. 

8.  Trypan  Blue. 
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2.3  Cryopreservation  Equipment 


of  Human 
Mesenchymal 
Stem  Cells 


2.4   Thawing  of 
Mesenchymal  Stem 
Cell  Products 


1.  Microscope. 

2.  BSC. 

3.  Centrifuge. 

4.  Vacuum  Pump. 

5.  Hemocytometer. 

6.  Control  Rate  Freezer. 

7.  Tube  Heat  Sealer. 

Supplies 
1.4x4  gauze,  sterile. 

2.  Conical  tube,  50,  sterile. 

3.  Pipettes,  2,  5,  10,  25  ml,  and  aspirating  pipettes,  sterile. 

4.  Pipette-aid. 

5.  Surgical  gowns,  shoe  covers,  head  cover,  and  mask,  all  sterile. 

6.  Vacuum  system  or  vacuum  collection  flask  with  two  sterile  tub- 
ing sets. 

7.  Cryovials,  2  ml. 

8.  Cryocyte  Freezing  Bags. 

Reagents 

1.  Cryoserve,  dimethyl  sulfoxide  (DMSO). 

2.  DPBS,  Ca  and  Mg  free. 

3.  25%HSA,  USP  grade. 

4.  Hespan,  B  Braun. 

5.  Trypan  Blue,  DI  water,  for  irrigation. 

Equipment 

1.  BSC. 

2.  Centrifuge. 

3.  Water  bath,  set  at  37  °C. 

4.  Pipette-aid. 

5.  Microscope. 

Supplies 

1.  Sample  Site  Coupler  (2). 

2.  Cobe  couplers  (3). 

3.  Needles,  16  g  for  products,  18-20  g  for  solutions. 
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4. 

Syringes,  5,  10,  30,  60  ml. 

5. 

Microcentrifuge  tube,  orange  cap. 

6. 

Anaerobic  BBL  Culture  System. 

/  . 

Alcohol  wipes. 

8. 

Steri-Drape. 

9. 

Gauze. 

10. 

Scissors. 

Reagents 

1. 

Plasma-Lyte  A,  lx. 

2. 

HSA,  25  %. 

3. 

Trypan  Blue. 

4. 

Water,  for  irrigation. 

3  Methods 

Wash  Media  Preparation 

1.  Plasma-Lyte  A,  lx. 

2.  25  %  HSA,  1  %  final  concentration. 

3.  Label  the  media  with  the  name  of  the  media,  storage  tempera- 
ture, date  of  preparation,  date  of  expiration  (24^18  h  following 
preparation),  and  initials  of  the  personnel  preparing  the  media. 

Product  Processing 

1.  Record  the  total  volume  of  the  bone  marrow  aspirate.  Remove 
samples  for  counting,  100  ^1,  and  sterility. 

2.  Transfer  bone  marrow  aspirate  into  an  appropriate  number  of 
250  ml  conical  tubes.  Dilute  the  bone  marrow  aspirate  1:1 
with  Plasma-Lyte  A  in  each  of  the  250  ml  tubes  and  mix  well. 
After  dilution,  aliquot  the  bone  marrow  into  50  ml  conical 
tubes  with  30  ml  of  marrow  per  tube. 

3.  Aliquot  15  ml  of  LSM  into  each  of  the  50  ml  tubes. 

4.  Overlay  30  ml  of  the  diluted  bone  marrow  aspirate  on  top  of 
LSM  (30  ml  of  diluted  bone  marrow  aspirate  over  15  ml  of  LSM). 

5.  Carefully,  transfer  the  cells  to  a  centrifuge  and  spin  at  800  xjj 
for  30  min,  at  room  temperature,  with  the  centrifuge  brake 
"OFF." 

6.  After  centrifugation,  using  a  sterile  transfer  pipette,  collect  the 
interface  from  each  50  ml  conical  tube  and  transfer  it  into  clean 
50  ml  conical  tubes. 


3. 1   Isolation  of  Bone 
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7.  Bring  the  volume  in  each  tube  up  to  50  ml  with  Wash  Media. 

8.  Centrifuge  at  500  xjj  for  10  min,  with  brake  set  to  "Low." 

9.  Using  an  aspirating  pipette,  remove  almost  all  supernatant, 
leaving  1-2  ml  in  each  tube. 

10.  Gently  resuspend  the  cell  pellet  in  each  conical  tube.  Combine 
cells  from  all  the  conical  tubes  into  a  single  clean  50  ml  conical. 
Bring  the  total  volume  up  to  50  ml  with  Wash  Media. 

11.  Centrifuge  at  500  xjj,  for  10  min,  at  room  temperature,  with 
the  centrifuge  brake  set  to  "Low." 

12.  Using  an  aspirating  pipette,  remove  almost  all  supernatant, 
leaving  1-2  ml  of  the  supernatant  in  the  conical.  Gently  resus- 
pend the  cell  pellet  and  bring  the  volume  up  to  50  ml  using 
fresh  Wash  Media. 

13.  Perform  a  cell  count  and  viability. 

14.  Allow  the  cells  to  settle  for  10  min  and  remove  3  ml  of  super- 
natant for  sterility  testing. 

15.  Remove  another  sample  containing  1  x  106  cells  for  the  CFU  assay. 

16.  Continue  with  further  product  processing.  The  product  might 
be  used  for  culture  and  expansion  of  human  bone  marrow- 
derived  mesenchymal  stem  cells  (MSC)  or  cryopreserved. 


3.2  Culture  and 
Expansion  of  Human 
Bone  Marrow 
Mesenchymal 
Stem  Cells 


Wash  Media  Preparation 

1.  DPBS  (Ca  and  Mg  free). 

2.  25  %  HSA,  final  concentration  1  %. 

3.  Label  the  media  with  name  of  the  media,  storage  temperature 
(4  °C),  date  of  preparation,  date  of  expiration  (14  days),  ini- 
tials of  the  personnel  preparing  the  media. 

Complete  Culture  Media  with  Antibiotics 

1 .  Alpha  MEM  media. 

2.  Penicillin-streptomycin-glutamine  (lOOx),  liquid. 

3.  FBS,  gamma  irradiated  and  heat  inactivated,  final  concentra- 
tion 20  %. 

4.  Label  the  media  with  name  of  the  media,  storage  temperature 
(4  °C),  date  of  preparation,  date  of  expiration  (14  days),  ini- 
tials of  the  personnel  preparing  the  media. 

Complete  Culture  Media  without  Antibiotics 

1 .  Alpha  MEM  media. 

2.  L-Glutamine  200  mM  (200x),  liquid. 

3.  FBS,  gamma  irradiated  and  heat  inactivated,  final  concentra- 
tion 20  %. 
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4.  Label  the  media  with  name  of  the  media,  storage  temperature 
(4  °C),  date  of  preparation,  date  of  expiration  (14  days),  ini- 
tials of  the  personnel  preparing  the  media. 

Cell  Culture  and  Expansion  (PO) 

1.  Once  the  MNCs  are  prepared,  label  ten  flasks  using  "in- 
process"  label  as  follows: 

(a)  Passage  number:  Initial  plating  is  PO  then  increase  after 
every  harvest  (i.e.,  PI,  P2,  etc.). 

(b)  Recipient  name. 

(c)  Recipient  ID. 

(d)  Date:  Day  of  plating. 

(e)  Product  number  (on  a  separate  label  specific  to  product  #). 

2.  Seed  each  T-185  flask  by  dividing  the  mononuclear  cells  equi- 
tably among  the  ten  flasks  and  bring  to  a  final  volume  of  25  ml 
with  complete  culture  media  with  Antibiotics. 

3.  Prior  to  placing  the  flasks  in  the  incubator,  check  that  the 
media  covers  the  entire  surface  of  the  flask  and  the  outside  of 
the  culture  flask  is  wiped  with  70  %  alcohol.  This  should  be 
done  every  time  a  flask  is  returned  to  the  incubator. 

4.  Incubate  in  tissue  culture  incubator,  with  5  %  C02,  for  at  least 
72  h,  to  allow  the  cells  to  adhere  to  the  flask. 

5.  After  72  h  from  the  initial  plating,  remove  the  flask  from  the 
incubator  and  remove  the  unattached  cells  by  tilting  the  flask 
while  holding  it  upright  and  aspirating  off  all  of  the  media 
from  the  bottom  corner  of  the  flask. 

6.  Add  25  ml  of  complete  culture  media  with  antibiotics. 

7.  Before  replacing  the  cap  on  the  flask,  ensure  the  cap  filter  is 
clean  and  dry.  This  should  be  done  every  time  the  flask  is 
recapped. 

8.  Place  the  flask  in  a  tissue  culture  incubator,  at  37  °C  and  5  %  C02. 
Feeding  the  Cells 

1 .  Cells  should  be  fed  every  3^4  days  until  harvest,  when  attached 
cells  are  confluent.  For  the  initial  culture  period,  complete  cul- 
ture media  with  antibiotics  must  be  used.  After  the  first  harvest 
culture  media  without  antibiotics  will  be  used,  see  below. 

2.  Remove  the  flasks  from  the  incubator.  Observe  under  the 
microscope  to  determine  the  extent  to  which  the  cells  are  con- 
fluent. The  cells  will  be  split  when  they  are  >80  %  confluent.  In 
addition,  examine  each  tissue  culture  flask  for  absence  of 
contamination.  If  contamination  is  present,  discard  the  flask  or 
the  whole  preparation. 
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3.  Using  vacuum  aspiration,  remove  the  culture  media  from  the 
T-180  flasks. 

4.  Add  fresh  25  ml  of  complete  culture  media  with  antibiotics. 

5.  Wipe  the  outside  of  each  flask  with  a  sterile  alcohol  wipe, 
before  placing  it  back  into  the  37  °C  incubator  with  5  %  C02, 
for  further  culture. 

Harvesting  Cells  using  Trypsin-EDTA 

1.  When  the  cells  are  approximately  >80  %  confluent  («day  14  of 
culture),  observe  each  tissue  culture  flask  under  the  micro- 
scope to  examine  the  cells  for  absence  of  contamination.  If 
contamination  is  present  discard  the  flask  or  the  whole 
preparation. 

2.  Remove  the  media  from  each  flask  using  vacuum  aspiration. 

3.  Add  25  ml  of  Wash  Media  and  swirl  it  around  the  flask. 

4.  Aspirate  off  the  Wash  Media  and  add  10  ml  of  Trypsin-EDTA 
to  each  flask.  Return  the  flask  to  the  37  °C  C02  incubator  for 
no  more  than  8  min.  Make  sure  to  monitor  the  cells  at  4  min 
intervals  under  the  microscope,  as  leaving  the  Trypsin  in  the 
flask  for  a  prolonged  period  of  time  is  damaging  the  cells. 

5 .  If  there  are  still  attached  cells,  use  a  sterile  cell  scraper  to  gently 
lift  the  adhered  cells  by  moving  the  scraper  across  the  bottom 
of  each  flask. 

6.  Neutralize  Trypsin  activity  by  adding  15  ml  of  complete  cul- 
ture media  without  antibiotics  to  each  flask.  Swirl  the  media 
around  the  flask  to  make  sure  all  the  cells  are  in  suspension. 

7.  Transfer  the  detached  cells  from  each  flask  to  a  sterile  50  ml 
conical  tube,  using  a  25  ml  pipette. 

8.  Add  25  ml  of  Wash  Media  to  the  flask  and  swirl  to  remove  any 
remaining  cells.  Using  a  25  ml  pipette,  collect  the  Wash  Media 
from  the  flask  and  add  it  to  the  50  ml  conical  tube  with  the 
detached  cells. 

9.  Centrifuge  the  50  ml  conical  tubes  at  500  xjj  for  10  min,  at 
room  temperature,  with  brake  set  to  "Low." 

10.  Using  a  vacuum  system,  aspirate  the  supernatant  to  leave 
1-2  ml  of  media  and  resuspend  the  pellet  in  the  50  ml  conical 
tube.  Bring  the  volume  up  to  40  ml  with  complete  culture 
media  without  antibiotics. 

11.  Take  a  100  ul  sample  and  perform  a  cell  count  and  viability 
(jeeNote  1). 

12.  After  10  min  of  settling,  remove  a  1  ml  sample  from  each  50  ml 
conical  for  sterility.  Place  all  samples  in  a  separate  50  ml  conical 
tube.  A  3  ml  sterility  sample  will  be  collected  from  the  pooled 
media  (1  ml  each,  for  aerobic,  anaerobic  and  fungal  testing). 
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Cell  Culture,  Expansion  (P1)  and  Final  Harvest 

1.  Label  four  T-185  flasks  per  each  harvested  PO  flask,  as  follows 
(see  Note  2): 

(a)  Passage  number:  Initial  plating  is  PO  then  increase  after 
every  harvest  (i.e.,  PI,  P2,  etc.). 

(b)  Recipient  name. 

(c)  Recipient  ID. 

(d)  Date:  Day  of  plating. 

(e)  Product  number  (on  a  separate  label  specific  to  product). 

2.  Seed  each  T-185  flask  by  equitably  dividing  the  cell  suspension 
from  each  of  the  50  ml  conical  tubes  into  four  tissue  culture 
flasks,  i.e.,  12.5  ml  of  cell  suspension  in  each  flask.  Bring  to  a 
final  volume  of  25  ml  with  complete  culture  media  without 
antibiotics. 

3.  Culture  the  cells  for  an  additional  7  days,  feeding  the  cells  3-4: 
days  after  seeding  or  until  cells  are  >80  %  confluent  (see  Note  3). 
Prior  to  final  harvest,  remove  a  1  ml  sample  (from  the  superna- 
tant, i.e.,  media  without  cells)  from  each  tissue  culture  flask. 
Combine  all  samples  in  a  single  50  ml  conical  tube.  A 1  ml  sample 
will  be  sent  to  an  approved  vendor  for  mycoplasma  testing. 

4.  When  cells  are  >80  %  confluent,  harvest  the  cells  as  described 
in  before.  After  the  first  centrifugation,  transfer  each  pellet  into 
one  50  ml  conical. 

5.  Resuspend  cells  in  50  ml  of  Wash  Media  and  centrifuge  at 
500  xjj  for  10  min. 

6.  Aspirate  supernatant,  pull  all  cell  pellets  together  into  a  single 
50  ml  conical  and  resuspend  in  another  50  ml  of  Wash  Media. 

7.  Take  a  100  ^1  sample  and  perform  a  cell  count  and  viability. 

8.  If  the  cell  number  is  less  than  250  x  106  total  cells,  culture  and 
expansion  must  continue. 

9.  If  cell  number  is  sufficient,  proceed  to  cryopreservation. 
Remove  2xl06  cells  for  CFU-F  analysis  and  lxlO6  cells  for 
flow  cytometric  analysis. 

10.  After  10  min  of  settling,  remove  a  3  ml  sample  (1  ml  each  for 
aerobic,  anaerobic  and  fungal). 

11.  Proceed  to  the  cryopreservation  of  MSCs. 

Wash  Media  Preparation 

1.  DPBS  buffer,  Ca  and  Mg  free. 

2.  25  %  HSA,  1  %  final  concentration. 

3.  Label  the  media  with  name  of  the  media,  storage  temperature, 
date  of  preparation,  date  of  expiration  (2  weeks  following 
preparation),  and  initials  of  the  personnel  preparing  the  media. 


3.3  Cryopreservation 
of  Human 
Mesenchymal 
Stem  Cells 
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Cryopreservation  Media  without  DMSO  (Freeze  Media  1) 

1.  Hespan  (6  %  Hetastarch  in  0.9  %  sodium  chloride). 

2.  25  %  HSA,  2  %  final  concentration. 

3.  Label  the  media  with  name  of  the  media,  storage  temperature, 
date  of  preparation,  date  of  expiration  (24^48  h  following 
preparation),  and  initials  of  the  personnel  preparing  the  media. 

Cryopreservation  Media  with  10  %  DMSO  (Freeze  Media  2) 

1.  Hespan  (6  %  Hetastarch  in  0.9  %  sodium  chloride). 

2.  25  %  HSA,  2  %  final  concentration. 

3.  DMSO,  10  %  final  concentration. 

4.  Label  the  media  with  name  of  the  media,  storage  temperature, 
date  of  preparation,  date  of  expiration  (24-48  h  following 
preparation),  and  initials  of  the  personnel  preparing  the  media 
(see  Note  4). 

3.4  Cryopreservation  1.  Centrifuge  MNCs  obtained  as  a  result  of  the  process  in 
ofBM MNC  (Placebo)  Subheading  3.1  in  a  50  ml  conical  tube  at  500  xg,  for  10  min, 

at  room  temperature,  with  break  set  at  "Low." 

2.  Remove  the  supernatant  with  a  sterile  aspirating  pipette. 
Resuspend  the  cells  with  10  ml  amount  of  Freeze  Media  1. 
Add  an  equal  volume  (10  ml)  of  Freeze  Media  2.  This  will 
result  in  a  final  concentration  of  5  %  DMSO. 

3.  After  a  5  min  settling  time  in  an  ice  bath,  remove  4  ml  of  the 
supernatant:  1  ml  for  each,  aerobic,  anaerobic  and  fungal  and 
1  ml  for  endotoxin  (see  Note  5). 

4.  Replace  4  ml  removed  in  the  previous  step  with  2  ml  Freeze 
Media  1  and  2  ml  of  Freeze  Media  2. 

5.  Cell  suspension  in  a  final  volume  of  20  ml  will  be  cryopre- 
served  in  50  ml  Cryocyte  bag. 

6.  Label  the  product. 

7.  Cryopreserve  the  cells  with  a  controlled  rate  freezer. 

1.  Centrifuge  the  MSCs  obtained  before  in  a  50  ml  conical  at  500  xjj 
for  10  min,  at  room  temperature,  with  break  set  at  "Low." 

2.  Remove  the  supernatant  with  an  aspirating  pipette. 

3.  Calculate  the  total  resuspension  volume,  in  order  to  resuspend 
the  cells  to  a  final  concentration  of  15  x  106  cells/ml  (stock  cell 
suspension)  (see  Note  6). 

4.  Resuspend  die  cells  in  up  to  50  %  of  the  total  resuspension 
volume  with  Freeze  Media. 

5.  Add  Freeze  Media  2  up  to  the  total  resuspension  volume,  for  a 
final  concentration  of  15  x  106  cells/ml  (see  Note  7). 


3.5  Cryopreservation 
ofMSCs 


Bone  Marrow  Derived  MSCs  for  Myocardial  Repair 


159 


6.  After  a  5  min  settling  time  in  an  ice  bath,  remove  1  ml  of  the 
supernatant  for  each:  aerobic,  anaerobic  and  fungal  cultures, 
and  endotoxin  (see  Note  8). 

7.  Replace  the  4  ml  that  have  been  removed  with  2  ml  of  Freeze 
Media  1  and  2  ml  Freeze  Media  2. 

8.  The  cells  will  be  aliquoted  into  50  ml  Cryocyte  bags,  for  cryo- 
preservation  as  follows: 

(a)  For  the  20  x  106  Cells  Study  Cohort:  The  first  bag  to  be  fro- 
zen will  contain  30x106  cells  in  20  ml  of  cryopreservation 
media  (1:1  Freeze  Media  1  and  Freeze  Media  2).  The  second 
bag  will  be  250  x  106  cells  in  20  ml  of  cryopreservation  media 
(1:1  Freeze  Media  1  and  Freeze  Media  2),  and  the  remainder 
will  be  frozen  in  a  third  bag  in  20  ml  of  cryopreservation 
media  (1:1  Freeze  Media  1  and  Freeze  Media  2). 

(b)  For  the  200  x  106  Cells  Study  Cohort:  Freeze  one  bag  with 
300x106  in  20  ml  of  cryopreservation  media  (1:1  Freeze 
Media  1  and  Freeze  Media  2),  and  the  remainder  in  a  sec- 
ond bag  in  20  ml  of  cryopreservation  media  (1:1  Freeze 
Media  1  and  Freeze  Media  2). 

9.  Label  each  bag. 

10.  Cryopreserve  the  cells  using  a  controlled  rate  freezer. 

11.  Following  cryopreservation,  transfer  the  metal  cassettes  hold- 
ing the  product  bags  to  liquid  nitrogen  storage.  Document  the 
location  of  the  product  in  the  liquid  nitrogen  storage  tank. 


3.6  Labeling  the 
Product  Designated 
for  Distribution 
or  Storage 


The  label  must  be  attached  to  the  container  either  prior  to  cryo- 
preservation or  before  delivery  for  transplant,  if  the  final  product 
is  designated  for  transplant  immediately  following  processing. 

After  the  product  is  labeled,  a  second  individual  must  verify  the 
information  reflected  on  the  product  label. 

Make  a  copy  of  the  final  product  label  and  place  it  in  the  appro- 
priate batch  record. 

After  labeling  and  cryopreservation  of  the  product,  product 
bags  are  maintained  in  a  designated  liquid  nitrogen  storage 
tank  (vapor  phase)  until  such  time  when  the  product  is 
requested  and  issued  for  transplant. 


3.7  Thawing 
of  Mesenchymal 
Stem  Cell  Products 


Thawing  Media 

1 .  Plasma-Lyte  A 

2.  25  %  HSA,  1  %  final  concentration 

3 .  Label  the  media  with  name  of  the  media,  storage  temperature 
date  of  preparation  date  of  expiration  (48  h  following  prepara- 
tion), and  initials  of  the  personnel  preparing  the  media. 
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Product  Thawing 

1.  Identify  the  product  number  and  name  to  be  thawed,  and 
locate  it  in  the  liquid  nitrogen  (LN2)  storage  tank.  Remove 
the  metal  cassette(s)  with  the  product  bag(s)  from  the  LN2 
storage  tank  (see  Note  9). 

2.  Place  a  metal  cassette  with  product  in  a  steri-drape  isolation 
bag,  and  place  in  the  water  bath  for  a  few  seconds. 

3 .  Gently  but  quicldy,  remove  the  Cryocyte  bag  with  the  product 
from  the  metal  cassette. 

4.  Verify  the  product  label  attached  to  the  product  bag. 

5.  Place  the  product  bag  in  the  steri-drape  isolation  bag  (use 
two  bags). 

6.  Place  the  Cryocyte  bag  with  the  product  (now  encased  in  two 
isolation  bags)  in  the  water  bath. 

7.  Thaw  the  product,  gently  massaging  the  bag  in  the  water  bath 
(see  Note  10).  After  the  product  is  completely  thawed,  transfer 
the  product  bag  to  the  BSC,  take  it  out  of  the  steri-drape  isola- 
tion bag,  and  wipe  it  using  an  alcohol  wipe. 

8.  Using  the  product  label,  confirm  the  total  product  volume  in 
the  bag.  This  step  is  necessary  to  determine  the  volume  of 
thawing  media  (must  equal  to  product  volume)  required  for 
washing  (e.g.,  when  the  final  product  volume  is  20  ml,  20  ml 
of  the  thawing  media  is  required). 


3.8   Washing  the 
Product  in  a  50  ml 
Cryocyte  Bag 
(See  Note  11) 


Using  sterile  alcohol  wipe,  clean  the  injection  port  of  the 
Cryocyte  bag  holding  the  product.  Aseptically,  insert  a  COBE 
coupler  into  an  already  clean  port. 

Aseptically,  connect  the  other  side  of  the  COBE  coupler  to  a 
sterile  60  cc  syringe  containing  20  ml  of  Thawing  Media. 

Slowly  introduce  the  Thawing  media  into  the  product  bag,  via 
the  60  cc  syringe  (see  Note  12). 

After  all  the  Thawing  media  is  added  to  the  bag,  remove  the 
contents  of  the  bag  using  the  syringe  and  transfer  to  a  50  ml 
conical  tube. 

Rinse  the  Cryocyte  bag  using  an  additional  10  ml  of  thawing 
media.  Add  the  rinse  to  the  same  50  ml  conical.  At  the  point, 
the  total  volume  in  a  50  ml  conical  tube  will  be  50  ml. 

At  this  time  remove  100  ul  of  the  cell  suspension  to  perform  a 
cell  count  and  test  for  viability. 

Centrifuge  the  conical  at  500  xjj  for  10  min,  at  22  °C. 

Remove  5  ml  of  the  supernatant  for  sterility  (1  ml  each  for  aero- 
bic, anaerobic  and  fungal  cultures,  1  ml  for  endotoxin,  and  2 
drops  for  gram  stain).  Discard  the  remaining  supernatant. 

For  a  20xl06  cell/dose  cohort,  adjust  the  cell  concentration 
to  4  x  106cells/ml  so  as  to  deliver  20  x  106  cells  in  a  total  volume 
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of  5.5  ml  and  slowly,  resuspend  the  pellet  using  a  sterile  10  ml 
regular  tip  pipette  (see  Note  13). 

10.  For  a  200  x  106  cell/dose  cohort,  adjust  the  cell  concentration 
to  4  x  107  cells/ml  so  as  to  deliver  200  x  106  cells  in  a  total  vol- 
ume of  5.5  ml  and  slowly,  resuspend  the  pellet  using  a  sterile 
10  ml  regular  tip  pipette  (see  Note  14). 

11.  Continue  to  disperse  the  pellet  until  it  is  completely  resus- 
pended,  and  there  are  no  clumps.  Avoid  formation  and/or 
introduction  of  air  bubbles. 

3.9  Product  Lot  1.  In  accordance  with  established  regulatory  requirements,  any 
Release  given  product  designated  for  transplant,  must  meet  predeter- 
mined lot  release  criteria. 

2.  The  following  lot  release  testing  must  be  performed,  unless 
specified  otherwise: 

(a)  Sterility  testing,  preliminary  result:  Anaerobic  culture,  1  ml 
aerobic  culture,  1  ml  fungal  culture,  1  ml,  gram  stain,  2  drops 
for  2  slides  (1  drop/slide). 

(b)  Endotoxin  (LAL)  content,  1.0  ml. 

( c )  Mycoplasma,  by  PCR  ( see  Note  15). 

The  list  below  contains  the  list  of  tests  performed  "for  infor- 
mation only"  and  those  in  which  the  final  results  will  not  be  avail- 
able at  the  time  of  product  release: 

(a)  MSC  dose  (thawed  and  washed  product). 

(b)  Sterility  (thawed  and  washed  product),  final  result:  Aerobic, 
Anaerobic,  Fungal. 

(c)  CD  105/CD45  cell  quantification  (MSCs  before  the  addition  of 
Cryoprotectant) . 

(d)  CFU-F  quantification  (MSCs  before  the  addition  of 
Cryoprotectant ) . 

3.10  Labeling  the  1 .  After  the  product  is  labeled,  a  second  individual  must  verify  the 
Final  Product  information  reflected  on  the  product  label. 

Designated  for  2.  A  copy  of  the  final  product  label  must  be  made  and  saved  in 

Transplant  the  appropriate  batch  record. 

3.  The  label  must  be  affixed  to  the  product  container  (50  ml  con- 
ical) before  the  product  leaves  the  cGMP  facility. 


4  Notes 

1.  Cells  harvested  from  each  of  the  ten  tissue  culture  flasks  must 
be  (a)  kept  in  separate  50  ml  conical  tubes  and  (b)  counted 
separately. 

2.  40  Tissue  culture  flasks  must  be  prepared. 
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3.  During  PI,  complete  culture  media  without  antibiotics  must 
be  used  to  culture  the  cells. 

4.  Once  prepared,  cryopreservation  media  must  be  maintained  at 
4-8  °C  until  and  while  being  used. 

5.  Endotoxin  samples  will  be  analyzed  in  house  using  the  FDA- 
approved  PTS  system. 

6.  The  final  resuspension  volume  is  made  up  of  equal  volumes  of 
Freeze  Media  1  and  Freeze  Media  2  (1:1). 

7.  The  final  volume  in  the  Cryocyte  bag  must  not  exceed  20  ml. 

8.  Endotoxin  samples  will  be  analyzed  using  the  FDA-approved 
PTS  system. 

9.  A  single  product  (single  lot)  may  be  cryopreserved  in  several 
bags  (sub-lots),  and,  consequently,  stored  in  several  metal 
cassettes. 

10.  The  product  is  considered  thawed  when  crystals  can  no  longer 
be  observed  in  a  Cryocyte  bag.  This  process  should  not  take 
longer  than  5  min. 

1 1 .  Thawing  media  must  be  added  slowly,  while  continuously  mix- 
ing the  product  bag.  Continuous  mixing  increases  cell 
viability. 

12.  While  introducing  the  Thawing  media,  gendy  mix  the  con- 
tents of  the  bag. 

13.  The  cells  must  be  resuspended  in  at  least  5.5  ml  of  Thawing 
media.  If  there  are  more  than  20  x  106  total  cells,  resuspend  in 
the  final  volume  to  the  final  concentration  of  4x  106  cells/ml. 
If  the  target  cell  number  is  not  available,  the  cells  must  be 
resuspended  in  5.5  of  Thawing  Media. 

14.  The  cells  must  be  resuspended  in  at  least  5.5  ml  of  Thawing 
media.  If  there  are  more  than  200  x  106  total  cells,  resuspend  in 
the  final  volume  to  the  final  concentration  of  4x  107  cells/ml. 
If  the  target  cell  number  is  not  available,  the  cells  must  be 
resuspended  in  5.5  of  Thawing  Media. 

15.  If  the  test  result  is  positive,  testing  will  be  repeated  with  a  stan- 
dard 28  day  culture. 
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Chapter  9 


A  Model  System  for  Primary  Abdominal  Closures 

Michael  J.  Yost,  Mary  0.  Morales,  Veronica  Rodriguez-Rivera, 
Eric  M.  Yost,  Louis  Terracio,  and  Stephen  A.  Fann 

Abstract 

The  foreign  body  response  to  medical  devices  and  materials  implanted  in  the  human  body,  including 
scarring,  fibrous  encapsulation,  and  potential  rejection,  is  a  longstanding  and  serious  clinical  issue.  There 
are  no  widely  acceptable  or  safe  therapies  for  ameliorating  the  foreign  body  response.  Clinical  complica- 
tions resulting  from  the  response  include  disfigurement  of  silicone  prostheses  and  loss  of  function  of 
devices  such  as  implanted  pacemakers,  stents,  and  shunts.  Cellularized  implants  and  stem  cells  placed  in  the 
body  are  also  subject  to  the  foreign  body  response  with  the  added  issue  that  the  regenerative  repair 
intended  to  be  prompted  by  the  graft  may  be  inhibited.  Beneficial  modification  of  the  body's  reaction  to 
implanted  materials,  medical  devices,  engineered  constructs,  or  stem  cells  would  be  a  fundamentally 
important  therapeutic  advance. 

As  part  of  investigating  the  cellular  response,  we  have  developed  a  model  which  uses  cells  isolated 
from  skeletal  muscle  biopsy,  cultured,  and  proliferated  in  vitro.  These  satellite  cells,  which  are  mononucle- 
ated  progenitor  cells,  reside  between  the  plasma  membrane  of  the  muscle  fiber  and  the  basal  membrane 
that  encompasses  the  fiber.  While  usually  quiescent,  these  cells  become  activated  following  muscle  damage. 
Once  activated,  the  satellite  cells  proliferate,  migrate  to  injured  muscle,  and  participate  in  repair  by  fusing 
with  existing  muscle  fibers  or  by  differentiating  into  new  skeletal  muscle  fibers.  Satellite  cells  have  been 
shown  to  be  heterogeneous  populations  of  stem  cells  and  progenitor  cells.  We  have  developed  an  explant 
method  for  isolating,  sorting,  enriching,  and  culturing  these  cells  for  use  in  skeletal  muscle  regenerative 
medicine  to  determine  if  the  foreign  body  response  can  be  inhibited  by  manipulating  the  cell-cell 
communication. 

Key  words  Satellite  cells,  Muscle  precursor  cells,  Skeletal  muscle  repair 


1  Introduction 

An  enabling  technology  of  fundamental  significance  to  surgery 
would  be  one  that  improved  the  integration  and  tolerance  of 
implanted  materials,  cells,  and  engineered  devices  in  the  human 
body.  The  long-term  goal  here  is  to  prevent  the  "scarring-up"  of 
implants  and  cellularized  devices.  When  a  foreign  substance  is 
inserted  into  soft  tissues,  the  body  reacts  by  up-regulating  the 
acute  inflammatory  cascade.  The  end  result  is  that  a  fibrous  capsule 
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of  scar  tissue  is  formed  around  this  material  and  contracts.  As  this 
process  negatively  affects  implants,  it  has  been  the  subject  of 
numerous  investigations  [1-11].  Histological  evaluation  of  cap- 
sules in  different  settings  has  demonstrated  the  universality  of  the 
foreign  body  reaction,  with  its  associated  deposition  of  contractile 
and  fibrotic  tissue  and  in  extreme  cases,  mineralization  of  the  scar- 
like deposit  [12].  Surgical  removal  of  the  fibrous  capsule  is  often 
required  to  correct  this  problem.  However,  this  repeat  procedure 
has  potential  complications,  including  postoperative  hemorrhage, 
skin  damage,  and  scar  contracture. 

In  this  chapter  we  discuss  primary  abdominal  closures  using 
the  rat  model  system.  Rats  are  an  excellent  species  to  study  muscle 
development  and  wound  healing  since  their  structure  and  pro- 
cesses are  similar  to  humans.  Muscle  growth  and  wound  repair 
consist  of  a  complex  biological  process  in  which  satellite  muscle 
cells  play  an  important  role.  There  are  many  different  skeletal  mus- 
cle abnormalities  that  can  occur  due  to  either  from  genetic  defects 
or  traumatic  injury  of  some  land.  Repair  of  muscle  damage  is  cen- 
tered on  satellite  muscle  cells  [13-16].  Satellite  muscle  cells  are 
usually  quiescent  in  adult  muscle  and  become  activated  following 
trauma  to  the  muscle  or  surrounding  area  to  help  in  wound  repair 
[13-16].  The  isolation  of  satellite  cells  and  their  expansion  in  cul- 
ture will  help  in  the  discovery  of  a  novel  tissue  engineering  repair 
system  that  utilizes  biological  substitutes. 

In  our  model,  satellite  muscle  cells  are  isolated  from  adult  rat 
muscle  biopsy  taken  from  the  animals'  hind  limb.  The  cells  are 
explanted  onto  tissue  culture  dishes  and  allowed  to  proliferate  until 
they  can  be  stained  and  sorted  for  cells  that  are  positive  for  integrin 
alpha  7.  Integrin  alpha  7  subunit  is  a  protein  that  is  expressed  in 
muscle  cells  that  are  involved  in  myogenic  differentiation,  there- 
fore, when  there  is  an  increase  in  integrin  alpha  7  there  is  also  an 
increase  in  muscle  cell  proliferation  and  adhesion.  Once  satellite 
cells  are  activated,  they  migrate  into  the  damaged  area  and  form 
myofibers  to  help  promote  repair  of  the  injured  site. 


2  Materials 


2.1  Preparation 
Equipment  for  Surgery 


1.  Isoflurane. 

2.  Isoflurane  vaporizer. 

3.  Supply  gas  (oxygen). 

4.  Supply  gas  regulator. 

5.  Flowmeter  (0-1,000  ml/min). 

6.  Induction  chamber. 

7.  Connection  tubing  and  valves. 

8.  Facemask  or  nosecone. 
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9.  Scavenging  method. 

10.  Disposable  surgical  drape. 

11.  Sterile  towels. 

12.  Sterile  drape  with  3"  fenestration. 

13.  Sterile  4x4  gauze  sponges. 

14.  Betadine  swabs. 

15.  Electric  razor. 

16.  Sterile  surgical  gloves. 

17.  Sterile  surgical  instrument  packet  containing:  scalpel  handle, 
tissue  forceps,  needle  holder,  two  hemostatic  forceps,  surgical 
scissors. 

18.  Surgical  blade  #15. 

19.  4-0  Prolene  suture  and  4-0  vicryl  suture. 

20.  Sterile  Autoclip  wound  closing  system  with  9  mm  stainless 
steel  wound  clips. 

21.  8-Week-old  Sprague  Dawley  rats. 

22.  Topical  first  aid  antibiotic  ointment. 

23.  T/pump  and  warming  blanket. 

24.  Repair  material. 

2.2   Explant  1.  Sterile  50  ml  conical  tubes. 

Of  Muscle  Biopsy  2.  Phosphate-buffered  saline  (PBS)  containing  200  U/ml  peni- 

cillin G  and  200  ug/ml  streptomycin. 

3.  Phosphate -buffered  saline. 

4.  100  mm  tissue  culture  dishes. 

5.  Sterile  glass  coverslips. 

6.  Fine  sterile  forceps. 

7.  Sterile  scalpel  handle  with  #15  surgical  blade. 

8.  Ice  bucket. 

9.  Sterile  surgical  scissors. 

10.  Explant  medium:  Dulbecco's  modified  Eagle's  medium 
(DMEM),  25  %  fetal  bovine  serum  (FBS),  200  U/ml  penicil- 
lin G  and  200  ug/ml  streptomycin,  0.1  %  gentamycin,  and 
5  ug/ml  amphotericin  B. 

11.  SAT  medium  (muscle  culture  selective  medium):  Ham's  F10, 
20  %  FBS,  2.5  ng/ml  bFGF  human  recombinant,  100  U/ml 
penicillin  G,  100  ug/ml,  streptomycin,  0.1  %  gentamycin,  and 
2.5  ug/ml  amphotericin  B. 

12.  0.25  %  Trypsin/EDTA. 

13.  37  °C  incubator  with  5  %  C02. 
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2.3   Cell  Sorting  1.  Accutase. 

and  FACS  Analysis  2 .  Flow  Buffer:  PBS  without  Ca2+  and  Mg  plus  1  %  Bovine  Serum 

Albumin. 

3.  Blocking  solution  (flow  buffer+ 10  %  normal  goat  serum). 

4.  Alpha  7-PE  antibody  (MBL,  Clone  3C12). 

5.  Mouse  IgGl-PE  antibody. 

6.  Ice  bucket. 

7.  Aluminum  foil. 

8.  Flow  tubes. 


3  Methods 


3.1  Surgical 
Isolation  of  Muscle 
Biopsy 


General  anesthesia  is  achieved  on  8-week-old  Sprague  Dawley 
Rats  using  the  isoflurane  inhalation  method. 

After  general  anesthesia  is  obtained,  the  hind  limb  of  the  rat  is 
prepped  by  clipping  fur  down  to  the  skin  (see  Note  1). 

The  skin  is  then  prepped  in  standard  surgical  manner  with 
betadine  scrub  solution  in  triplicate. 

The  animal  is  then  placed  on  the  surgical  table  on  top  of  a 
warming  blanket  that  is  covered  with  a  sterile  drape. 

Sterile  towels  are  draped  over  the  site  of  incision  to  define  the 
surgical  field  consisting  of  the  hind  limb. 

A  small  incision  is  created  using  a  sterile  scalpel  with  a  no.  15 
blade  (see  Note  2). 

Using  sterile  surgical  scissors,  dissect  away  the  skin  layer  from 
the  muscle  so  you  have  a  clear  view  of  the  muscle  (Fig.  la). 


Fig.  1  Isolation  of  muscle  biopsy  procedure,  (a)  An  incision  is  made  in  the  left  hind  limb  of  the  rat. 
(b)  A  5  mm  x  5  mm  x  4  mm  =  0.1  cm3  section  of  the  muscle  and  invested  fascia  lata  is  removed 
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3.2  Isolation  of 
Satellite  Muscle  Cells 


3.3  Flow  Cytometry 
and  Cell  Sorting 


8.  Using  sterile  scissors,  cut  a  5  mmx5  mmx4  mm  =  0.1  cm3 
section  of  the  muscle  and  invested  fascia  lata  and  put  directly 
into  a  50  ml  conical  tube  containing  sterile  PBS/antibiotic 
solution  (Fig.  lb). 

9.  The  muscle  biopsy  is  immediately  placed  in  a  sterile  50  ml  con- 
ical tube  containing  PBS  with  appropriate  antibiotics  and  kept 
on  ice  until  all  samples  are  collected  and  tissue  is  explanted. 

10.  The  skin  is  closed  using  4-0  prolene  interrupted  stitch  and 
then  further  secured  with  wound  clips. 

1 1 .  A  topical  antibiotic  ointment  is  then  applied  to  the  wound  and 
the  animal  is  returned  to  a  clean  cage. 

1 .  Wash  the  muscle  tissue  that  was  obtained  from  the  surgery  two 
times  in  cold  PBS  containing  antibiotics  to  remove  any  blood 
and  debris  from  the  sample  (see  Note  3). 

2.  The  tissue  is  then  transferred  to  a  culture  dish  that  has  a  small 
amount  of  media  to  prevent  the  tissue  from  drying  out  (see 
Note  4). 

3.  Cut  the  tissue  into  1-2  mm  pieces  using  a  sterile  sharp  scalpel 
blade. 

4.  Once  the  tissue  is  cut,  using  sterile  fine  forceps,  arrange  the 
tissue  on  100  mm  tissue  culture  dish  creating  5-6  clusters  that 
contain  5-6  pieces  of  tissue. 

5 .  To  prevent  tissue  from  drying  out,  place  a  small  drop  of  media 
on  each  cluster  and  then  using  sterile  fine  forceps,  cover  the 
tissue  clusters  with  sterile  glass  coverslip. 

6.  Carefully,  add  8-10  ml  of  Explant  media  to  the  tissue  culture 
dish  malting  sure  that  the  coverslips  do  not  float. 

7.  Incubate  dishes  in  37  °C  incubator  with  5  %  C02  for  1-2  days 
without  disturbing  them  (see  Note  5). 

8 .  After  3  days  refeed  the  dishes  with  Explant  media.  You  should 
start  to  see  cells  crawling  out  of  the  tissue  (see  Note  6). 

9.  In  about  7  days,  remove  coverslips  and  tissue  pieces  with  sterile 
fine  forceps  and  rinse  the  tissue  culture  plates  in  PBS  contain- 
ing 2x  antibiotic/antimycotics  and  passage  cells  with  trypsin 
into  150  mm  tissue  culture  dishes  in  SAT  media  and  allow 
them  to  grow  to  about  50  %  confluence. 

1.  Collect  the  satellite  cells  using  Accutase  (see  Notes  7,  8). 

2.  Centrifuge  cells  at  800  xjj for  5  min. 

3.  The  supernatant  is  aspirated  off  the  cell  pellet  and  the  cell 
pellet  is  resuspended  in  3-5  ml  flow  buffer. 

4.  The  cells  are  then  counted  and  centrifuged  at  800  xjj  for 
5  min. 
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Fig.  2  Confocal  Microscopy  images  using  a  10x  objective  shows  the  sorted  satellite  cells  after  further 
expansion  cultured  for  3  days  on  collagen  hydrogels  at  a  concentration  of  1 4  mg/ml.  The  blue  corresponds  to 
DAPI  stain  which  indicates  the  cell's  nucleus.  The  green  color  corresponds  to  phalloidin  that  binds  to  the  f  actin 
composing  the  cytoskeleton  of  the  cells.  The  red  color  is  immunohistochemical  labeling  of  integrin  alpha7 


5.  Discard  the  supernatant  and  resuspend  the  cell  pellet  in  flow 
buffer  at  a  concentration  of  5  x  106  cells/ml. 

6.  The  cell  suspension  is  then  split  into  flow  tubes  at  a  concentra- 
tion of  2.5-5  x  105  cells/tube  and  10  ul  of  blocking  solution  is 
added. 

7.  The  tubes  are  mixed  well  and  incubated  for  10  min  on  ice.  For 
staining  rat  cells,  20  ul  of  integrin  alpha  7-PE  (MBL,  Clone 
3C12)  or  20  ul  of  a  1:10  dilution  of  Mouse  IgGl-PE  as  a  con- 
trol are  added  to  the  respective  tubes. 

8.  The  tubes  are  then  incubated  for  30  min  on  ice  mixing  every 
10-15  min. 

9.  After  30  min,  add  1  ml  of  flow  buffer  and  centrifuge  as  before. 

10.  The  cells  that  are  stained  with  integrin  alpha  7-PE  are  resus- 
pended  at  10-12  x  106  cells/ml  [11].  The  control  cells  that  are 
stained  with  mouse  IgGl-PE  are  resuspended  at  lxlO6 
cells/0.5  ml  to  use  as  an  isotype  control  to  help  set  gates  for 
sorting  (see  Note  9). 

11.  Collect  both  the  positive  and  negative  fractions  into  media 
containing  serum  to  plate  for  expansion  and  further  analysis 
(Fig.  2)       Note  10). 
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Fig.  3  Creation  and  repair  of  abdominal  closure  (a)  The  3  cm  midline  abdominal  wall  detect,  (b)  Repair  material 
has  been  placed  in  the  detect,  (c)  The  detect  is  closed  with  repair  material  in  place  using  4.0  prolene  suture 


3.4  Creation  and 
Repair  of  Abdominal 
Closure 


1.  General  anesthesia  is  achieved  on  8-week-old  Sprague  Dawley 
Rats  using  the  isoflurane  inhalation  method. 

2.  After  general  anesthesia  is  achieved,  the  abdomen  is  prepped 
by  clipping  abdominal  fur  down  to  the  skin. 

3.  The  sldn  is  then  prepped  in  standard  surgical  manner  with 
betadine  scrub  solution  in  triplicate. 

4.  The  animal  is  then  placed  on  the  surgical  table  on  top  of  a 
warming  blanket  that  is  covered  with  a  sterile  drape. 

5 .  Sterile  towels  are  draped  over  the  site  of  incision  to  define  the 
surgical  field  consisting  of  the  anterior  abdominal  wall  from 
xiphoid  to  pubis  longitudinally  and  laterally  to  table  margins. 

6.  A  midline  incision  is  made  through  the  sldn  and  subcutaneous 
tissue. 

7.  Using  sterile  surgical  scissors,  the  subcutaneous  tissue  is  dis- 
sected free  from  the  abdominal  wall  giving  wide  access  to  the 
anterior  surface  of  the  musculature. 

8 .  A  midline  incision  is  the  made  through  the  linea  alba  and  the 
peritoneal  cavity  is  entered. 

9.  An  omental  flap  is  created  by  dissecting  the  greater  omentum 
off  the  greater  curve  of  the  stomach  based  on  the  right  gastro- 
epiploic artery. 

10.  With  the  omentum  adequately  mobilized,  a  3  cm  midline 
abdominal  wall  defect  is  created  (Fig.  3a). 

1 1 .  The  repair  material  is  then  placed  in  the  wound  and  sewn  into 
the  defect  using  an  interrupted  suture  of  4.0  prolene  with  suture 
bites  taken  4  mm  from  the  edge  of  the  defect  (Fig.  3b,  c). 

12.  The  mobilized  sldn  flaps  are  returned  to  the  midline  and  closed 
with  4-0  Vicryl  subcuticular  stitch  to  minimize  dead  space. 

13.  To  insure  wound  remains  closed,  stainless  steel  wound  clips  are 
placed  over  the  suture  area  if  needed. 

14.  Topical  first  aid  antibiotic  ointment  is  placed  on  the  incision 
and  the  animal  is  allowed  to  ascend  from  anesthesia  and  placed 
in  a  clean  cage. 
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4  Notes 

1.  First  make  sure  to  check  the  animal  is  fully  sedated  before 
beginning  the  procedure.  We  generally  check  toe  and  tail 
reflex. 

2.  If  there  is  any  bleeding  during  the  surgical  procedure,  make 
sure  to  use  sterile  gauze  and  firmly  put  pressure  on  the  site. 
Bleeding  should  stop  fairly  quicldy. 

3.  Make  sure  to  keep  everything  as  sterile  as  possible  by  doing 
everything  in  the  tissue  culture  hood. 

4.  It  is  very  important  that  the  tissue  does  not  dry  while  process- 
ing it. 

5.  Be  patient.  It  may  be  several  days  before  you  see  anything,  but 
once  they  start  growing,  they  grow  pretty  rapidly. 

6.  Make  sure  to  change  the  media  every  2-3  days  and  make  sure 
they  do  not  get  100  %  confluent. 

7.  Make  sure  to  work  as  quicldy  as  possible.  Have  all  the  buffers 
made  up  prior  to  collecting  cells. 

8 .  Make  sure  to  use  Accutase  to  lift  the  cells  off  the  tissue  culture 
dishes.  Accutase  will  not  destroy  cell  surface  receptors  which 
are  critical  for  the  staining  and  cell  sorting  process.  EDTA 
makes  the  cells  too  sticky  and  they  tend  to  clump  together 
making  both  counting  and  sorting  difficult. 

9.  Make  sure  to  keep  the  tubes  covered  with  foil  after  adding  the 
labeled  antibody. 

10.  Count  the  cells  after  they  come  off  the  cell  sorter  so  that  you 
can  plate  accordingly. 
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Alternatives  for  Animal  Wound  Model  Systems 

Phil  Stephens,  Matthew  Caley,  and  Matthew  Peake 

Abstract 

In  this  chapter  a  review  of  animal  model  systems  already  being  utilized  to  study  normal  and  pathologic 
wound  healing  is  provided.  We  also  go  into  details  on  alternatives  for  animal  wound  model  systems.  The 
case  is  made  for  limitations  in  the  various  approaches.  We  also  discuss  the  benefits/limitations  of  in  vitro/ 
ex  vivo  systems  bringing  everything  up  to  date  with  our  current  work  on  developing  a  cell- based  reporter 
system  for  diabetic  wound  healing. 

Key  words  Animal  models,  Wound  healing,  Diabetic  wound  healing,  In  vitro  models,  Limitations, 
Benefits 


1  Introduction 

Wound  healing  is  a  complex  process  involving  interactions  between 
multiple  cell  types  from  the  skin  and  infiltrating  inflammatory  cells. 
The  sequence  of  events  that  take  place  during  wound  healing  is 
reasonably  well  understood,  as  macroscopic  changes  in  cell  num- 
bers and  tissue  structure  are  easily  observed.  However,  on  a 
molecular  level  the  wound  healing  process  is  still  being  delineated. 
Further  complications  come  with  chronic,  dysfunctional  wounds 
associated  with  the  aged,  where  dysregulation  of  the  normal  tissue 
repair  processes  is  even  less  well  understood.  In  order  to  better 
understand  the  intricacies  of  these  processes  models  of  part,  or  all, 
of  the  wound  healing  process  have  been  developed  over  many 
decades.  Such  models  of  wound  healing  are  generally  split  into  two 
groups,  namely  in  vivo  and  in  vitro  model  systems  each  offering 
their  specific  advantages  and  also  shortcomings  (for  an  overview 
see  Table  1). 
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2   In  Vivo  Models  of  Wound  Healing 

Many  animal  models  for  wound  healing  exist.  At  their  most  simple 
they  involve  wounding  a  laboratory  animal  and  observing  wound 
closure  over  time;  however,  they  can  be  made  more  complicated 
through  the  manipulation  (physical/chemical/biological)  of  the 
wound  tissue  environment.  Various  different  species  are  used  regu- 
larly for  skin  wounding  experiments  including  rats,  mice,  rabbits, 
and  pigs.  As  well  as  these  "normal"  laboratory  animals,  genetically 
modified  animals  are  also  used  to  model  human  diseases  such  as 
diabetes  and  the  effect  this  would  have  on  wound  healing.  Using 
these  animal  models  different  types  of  wound  systems  can  be 
established. 

2.1  Full  Thickness  These  wounds  are  generated  by  the  surgical  removal  of  all  the  layers 
Excision  Wounds  of  the  skin  (epidermis,  dermis,  subcutaneous  fat  and  in  the  case  of 

the  mouse  the  subcutaneous  smooth  muscle  layer)  from  the  animal 
[1]  (for  a  recent  review  see  ref.  2).  Such  models  allow  the  investiga- 
tion of  hemorrhage,  inflammation,  granulation  tissue  formation, 
re-epithelialization,  the  formation  of  new  blood  vessels,  and  wound 
tissue  remodeling.  Multiple  wounds  may  be  generated  on  each  ani- 
mal allowing  direct  comparison  between  treatments.  When  mice 
are  used  with  this  wound  healing  model,  wounds  of  up  to  6  mm  are 
typically  generated  with  up  to  six  wounds  per  mouse.  Wounds  are 
generated  under  anesthetic,  hair  is  removed  from  the  back  of  the 
mouse,  and  the  loose  skin  on  the  mouse  back  is  lifted  and  cut  gen- 
erating a  wound.  Wound  area  may  be  recorded  over  time  giving  a 
wound  healing  rate.  For  histological  analysis  animals  are  sacrificed 
at  desired  time  points  after  wounding  and  the  wounded  skin  is 
removed  for  analysis.  The  ability  to  generate  multiple  wounds  on 
each  animal  increases  the  statistical  value  of  this  model  and  the  abil- 
ity to  easily  access  the  wound  bed  to  apply  topical  agents  is  of  real 
benefit.  However,  the  wounds  generated  in  this  model  of  wound 
healing  are  often  not  uniform  as  they  are  generated  by  hand.  The 
depth  and  size  of  wounds,  though  similar,  are  not  identical  intro- 
ducing an  additional  variable  into  this  model  system.  Also  the  com- 
plex nature  of  this  type  of  model  system  is  sometimes  its  downfall 
in  that  the  investigation  of  distinct  elements  of  the  tissue  repair 
process  cannot  be  undertaken  in  isolation. 

2.2  Punch  Wounds        Punch  wounds  generated  in  the  ears  of  rabbits  have  been  used  as  a 

model  for  full  thickness  wound  healing  for  many  years.  Wounds  are 
generated  using  biopsy  punches  cutting  through  the  full  thickness 
of  the  ear.  The  wound  includes  damage  to  the  epidermis,  dermis, 
and  cartilage  that  make  up  the  ear.  Rabbits  have  the  ability  to 
regenerate  the  tissue  of  the  ear  from  the  margin  of  the  punch 
wound  inwards  [3-6].  The  wounds  heal  over  a  period  of  weeks  and 
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can  be  taken  at  different  time  points  for  histological  analysis.  As  the 
wounds  are  straight  through  the  ear  the  variation  in  depth  possible 
in  excision  wounds  on  the  back  of  animals  is  not  observed  in  this 
model,  and  as  the  wounds  are  generated  using  a  biopsy  punch,  the 
size  of  the  wounds  is  reproducible.  Multiple  punch  wounds  can  be 
generated  in  each  ear  allowing  for  experimental  controls.  As  well  as 
its  use  in  rabbits  this  model  of  wound  healing  has  also  been  used  in 
mice  [7-9].  Modifications  to  this  model  of  wound  healing  have 
been  proposed  as  a  chronic  wound  model  (see  Subheading  3). 

2.3  Partial  Unlike  the  full  thickness  and  ear  punch  wounds  described  above, 
Thickness  Wounds          this  model  of  wound  healing  aims  to  look  primarily  at  epidermal 

wound  healing  [10-12].  Wounds  are  generated  using  a  derma- 
tome, using  the  same  technique  as  is  used  to  harvest  skin  for  split 
thickness  sldn  grafts.  The  dermatome  is  used  to  remove  a  set 
thickness  of  skin  generating  a  partial  thickness  wound  with  the 
epidermis  and  some  of  the  dermis  removed.  The  depth  of  wound 
is  somewhat  reproducible  if  the  dermatome  is  used  correctly; 
however,  it  is  possible  to  generate  an  uneven  wound  with  the  der- 
matome leaving  patches  of  epidermis  within  the  wound.  Removal 
of  this  tissue  causes  initial  bleeding  as  the  blood  supply  to  the 
epidermis  is  disrupted.  This  model  of  wound  healing  generates  a 
larger  wound  by  area  and  is  ideal  for  use  on  larger  experimental 
animals,  such  as  pigs.  Multiple  wounds  may  be  generated  on  each 
animal  allowing  for  experimental  treatments  and  controls  on  the 
same  animal.  Partial  thickness  wounds  can  also  be  created  as  part 
of  a  burn  model  [13-15].  As  with  the  full  thickness  model,  differ- 
ences in  wound  size  and  depth  are  problematic  with  these  models 
as  the  application  of  a  burn  or  use  of  a  dermatome  is  not  a  precise 
instrument  and  different  users  may  generate  different  wound 
depths.  Any  variation  in  wound  depth  and  size  would  alter  wound 
healing  rates. 

2.4  Suction  Blisters       This  model  of  wound  healing  uses  dry  suction  to  separate  the 

dermis  and  epidermis  at  the  level  of  the  basement  membrane. 
Vacuum  suction  is  applied  to  the  sldn.  The  suction  slowly  sepa- 
rates the  epidermis  from  the  dermis,  with  fluid  filling  the  gener- 
ated inter-dermal  space.  The  wounds  generated  by  this  technique 
are  of  a  uniform  size  (the  size  of  the  suction  device)  and  of  a  uni- 
form depth  (down  to  the  basement  membrane).  This  method  of 
wound  generation  has  been  used  on  experimental  animal  species 
[16,  17]  and  also  on  human  volunteers  [18,  19].  The  blister 
formed  can  be  de-roofed  leaving  an  exposed  wound.  As  the  der- 
mis is  not  damaged  this  is  a  good  model  of  re-epithelialization, 
with  reproducible  wounds  and  the  potential  to  generate  multiple 
wounds  per  animal. 
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Wounds  generated  by  scalding  the  skin  of  animals  to  generate 
blisters  have  been  utilized  in  different  species  as  a  model  of  wound 
healing  [20,  21].  Blisters  are  generated  by  exposing  a  fixed  area  of 
skin  to  hot  water.  The  burning  process  is  halted  by  the  application 
of  ice-cold  water  to  the  site  of  injury.  A  blister  forms  at  the  site  of 
injury  and,  as  in  the  suction  blister  model,  the  blister  may  be  de- 
roofed  to  expose  the  wound.  By  keeping  the  temperature  of  the 
water  and  exposure  time  constant,  repeatable  wounds  can  be 
formed  using  this  technique.  With  this  model  it  is  possible  to 
control  the  depth  of  the  partial  thickness  wound  by  altering 
exposure  time.  This  model  requires  a  water-tight  seal  to  be 
generated  around  the  desired  wound  area.  In  smaller  animals  it  is 
harder  to  generate  multiple  wounds  on  a  single  animal  with  this 
technique.  To  determine  the  required  exposure  time  to  generate 
the  desired  depth  of  wound,  multiple  trials  must  be  undertaken  for 
each  new  species  or  strain  of  experimental  animal. 

2.6  Thermal  Burns  Another  method  of  generating  wounds  with  thermal  damage  is 
through  the  direct  application  of  heat  to  the  skin  [21-23].  Partial 
thickness  wounds  can  be  reproducibly  generated  by  applying  heat 
to  the  skin  for  timed  periods  using  a  metal  template.  As  with  the 
suction  blister  and  scald  wound  models,  a  blister  is  formed  and  can 
be  de-roofed  to  expose  the  dermis  and  leave  an  open  wound.  The 
depth  of  wound  can  be  controlled  by  increase  or  decrease  in  either 
the  time  the  heated  template  is  applied  to  the  skin  or  in  the  heat  of 
the  template.  As  in  the  water  scald  model,  a  series  of  trial  experi- 
ments is  required  to  determine  the  optimum  conditions  for  gener- 
ating a  wound  of  a  specified  depth.  Multiple  wounds  may  be 
generated  in  each  animal  and  the  size  and  shape  of  the  wounds  can 
be  easily  altered  and  is  reproducible.  This  model  of  wound  healing 
has  been  utilized  in  multiple  different  species  of  laboratory  animal 
and  is  often  used  in  the  porcine  model  [21,  24-26].  The  two  ther- 
mally generated  wound  models  both  lead  to  denatured  proteins  in 
the  wound  environment  due  to  the  applied  heat,  these  denatured 
proteins  are  not  found  in  wounds  generated  by  physical  trauma 
and  their  influence  on  wound  healing  should  be  considered. 


3   Chronic  Wound  Animal  Model  Systems 

The  percentage  of  people  classed  as  aged  is  increasing  annually, 
such  that  by  2050  it  is  estimated  that  between  40  and  50  %  of  the 
population  of  the  western  world  and  the  Pacific  Bim  will  be  over 
the  age  of  60  and  on  a  world  basis  the  percentage  of  the  population 
above  the  age  60  is  likely  to  increase  to  20  %  in  2050  and  to  27  % 
by  2100  [27].  Chronic  degenerative  disorders  are  a  common, 
costly  problem  associated  with  age-related  decline  in  repair  and 
regeneration  processes  [28].  Indeed,  impaired  wound  healing, 


2.5  Water 
Scald  Burns 
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Fig.  1  Atypical  chronic,  non-healing  wound  (venous  leg  ulcer).  Image  courtesy 
of  Professor  Keith  Harding,  School  of  Medicine,  Cardiff  University 

which  currently  affects  3  %  of  the  population  over  60,  is  conse- 
quently a  significant  quality  of  life  issue.  These  chronic  wounds 
encompass  a  spectrum  of  diseases  and  exist  in  three  principal  forms 
(pressure  sores,  venous  ulcers,  and  diabetic  ulcers)  (Fig.  1).  They 
represent  a  significant  cause  of  distress  and  disability  among  the 
aged  and  currently  cost  the  National  Health  Service  in  the  UK  an 
estimated  £2-3  billion  annually  and  healthcare  providers  in  the 
USA  in  excess  of  $25  billion  annually  (with  them  affecting  in  6.5 
million  patients  in  the  USA  [29]).  These  wounds  are  characterized 
by  impaired  re-epithelialization,  defective  extracellular  matrix 
(ECM)  remodeling  and  critically,  chronic  inflammation  within  the 
dermis.  In  order  to  study  these  chronic  wounds  and  in  turn  develop 
potential  treatments  for  them,  there  is  a  desperate  need  to  develop 
model  systems  that  can  reproducibly  replicate  the  chronicity  asso- 
ciated with  this  non-healing  situation. 

3.1  Diabetic  Wound  It  is  possible  to  artificially  generate  diabetes  in  animal  models  either 
Animal  Models  through  the  use  of  chemical  treatments  to  kill  the  p-cells  of  the 

islets  of  Langerhans  [30,  31]  or  exposing  the  mice  to  a  high-fat 
diet  [152].  It  has  been  reported  that  these  models  of  induced  dia- 
betes demonstrate  impaired  wound  healing  compared  to  control 
animals  [30,  32-36].  Furthermore,  induced  diabetic  animals  have 
been  used  to  study  different  wound  treatments  that  may  be  useful 
in  treating  diabetic  wounds  [32,  33].  However,  there  are  disadvan- 
tages to  the  use  of  such  model  systems.  The  use  of  agents  such  as 
alloxan  and  streptozotocin  to  chemically  induce  diabetes  may  also 
have  other  side  effects  associated  with  the  use  of  chemotherapy 
agents  potentially  limiting  the  value  of  this  model.  Hence,  recent 
attention  has  turned  to  the  use  of  genetically  engineered  murine 
model  systems. 

Genetically  diabetic  animals  are  available  for  use  in  wounding 
studies,  with  one  of  the  most  widely  used  diabetic  models  being  the 
db/db  diabetic  mouse  [37].  This  mouse  lacks  the  receptor  for  leptin 
normally  present  within  the  hypothalamus.  Although  recent  work 


184        Phil  Stephens  et  al. 


would  suggest  that  there  are  limitations  to  using  this  particular 
murine  model  system  [38].  Genetically  diabetic  mice  have  impaired 
wound  healing  [39^41]  and  have  been  suggested  to  be  a  useful 
model  for  the  study  of  diabetic  wounds.  Indeed  a  number  of  inves- 
tigations have  demonstrated  that  this  impaired  healing  can  be 
reversed  by  the  addition  of  growth  factors  [42-45],  vitamins  [46], 
erythropoietin  [47],  by  blocking  processes  such  as  lipid  peroxidation 
[48]  and  blocking  the  action  of  advanced  glycation  end  products 
[49].  However,  what  is  typical  of  all  these  wounds  is  that  they  only 
demonstrate  a  short-term  impairment  in  the  wound  repair  process 
and  fail  to  replicate  a  true  chronic  wound  which  can  persist  for  tens 
of  years  in  human  subjects.  Hence  these  diabetic  wound  models  are 
really  models  of  impaired  acute  wound  healing  rather  than  true 
chronic  wounds.  Furthermore,  the  mouse  (like  many  of  the  species 
used  such  as  rat,  rabbit,  and  hamster)  has  a  subcutaneous  panniculus 
carnosus  muscle  (not  found  in  humans)  which  contributes  to  the 
repair  process  via  contraction  and  collagen  formation.  Attempts  to 
limit  the  involvement  of  the  contractile  component  of  murine 
wound  healing  have  involved  the  use  of  wound  splinting  to  mini- 
mize wound  contraction  in  this  murine  wound  healing  model 
(in  order  to  make  it  more  similar  to  wound  healing  in  humans  [1]). 

3.2   Ischemic  Both  venous  leg  and  pressure  ulcers  have  an  underlying  tissue  isch- 

Wound  Models  emia  linked  with  their  formation.  Chronic  wound  models  that  can 

generate  an  ischemic  environment  have  therefore  been  developed 
to  model  the  human  disease  state.  Two  methods  for  generating 
ischemic  wounds  are  widely  used:  a  back  and  an  ear  model.  The 
ischemic  back  wound  [50]  is  based  on  a  skin  flap  generated  by  an 
H-shaped  incision  wound  in  the  back  of  a  rat.  The  generated  wound 
shows  reduced  blood  perfusion  along  the  horizontal  wound  creat- 
ing an  ischemic  environment.  The  vertical  wounds  do  not  have  a 
reduced  blood  flow  so  can  act  as  controls  for  wounding  experi- 
ments. This  is  a  relatively  short-term  wound  model  as  the  sldn 
returns  to  normal  levels  of  blood  perfusion  within  16  days.  The 
model  can  be  used  to  study  the  effect  of  potential  treatments  on 
chronic  wound  healing  [51].  A  similar  model  in  pigs  has  also  been 
reported  [52].  A  second  model  of  ischemic  wounds  involves  the 
generation  of  an  ischemic  environment  in  a  mouse,  rat,  or  rabbit  ear 
and  the  subsequent  wounding  of  the  ear  [53-58].  The  surgical  divi- 
sion of  the  rostral  and  central  arteries  of  the  ear  generates  an  isch- 
emic environment  in  one  ear  of  the  animal.  This  has  been  shown  to 
generate  an  ischemic  environment  in  the  ear  for  up  to  28  days.  In 
this  model  one  ear  is  ischemic  and  the  other  acts  as  a  control  and 
when  performed  in  the  rabbit  multiple  punch  wounds  may  be  gen- 
erated in  each  ear.  Whilst  these  models  do  generate  impaired  heal- 
ing they  do  not  create  wounds  that  fail  to  heal.  They  provide  useful 
tools  for  studying  impaired  wound  healing  but  more  accurately 
model  delayed  acute  wound  healing  than  true  chronic  wounds. 
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3.3   Other  Animal  Unlike  chronic  wounds  in  human  subjects,  a  number  of  current 

Chronic  Wound  Models  animal  "chronic  wound"  model  systems  rely  on  either  crushing  or 
inducing  burns/chemical  insults  in  the  skin  of  the  animal  [59-62]. 
Importantly,  the  severity  of  the  induction  of  such  ulcers  in  the 
subjects  would  likely  cause  substantial  pain  and  suffering  for  the 
animal.  Some  attempts  have  been  made  to  induce  impaired  healing 
through  deliberate  infection  by  the  addition  of  bacterial  species  or 
the  creation  of  bacterial  biofilms  to  these  wounds  but  invariably 
they  rarely  show  a  delay  in  healing  and  are  therefore  more  suited  to 
test  the  anti-bacterial  properties  of  reagents  rather  than  their  pro- 
healing  properties  [63-65].  The  animal  with  the  skin  structure 
closest  to  humans  is  the  pig.  However,  the  pig  has  the  disadvantage 
of  very  rapid  healing  and  contraction  formation  that  varies 
depending  where  on  the  body  the  wound  is  placed  [66]. 
Furthermore,  the  pig  model  demonstrates  the  limitations  of  trying 
to  establish  chronic  wound  animal  models  in  that  infection  with 
bacteria  often  at  concentrations  rarely,  if  ever,  demonstrated  in 
chronic  wound  patients  are  required  to  cause  a  significant  effect  on 
the  healing  process  [67,  68].  Other  pig  models  require  the  animal 
to  be  irradiated  thereby  creating  major  logistical  problems  in  the 
utilization  of  this  type  of  model  [69].  Finally,  a  number  of 
genetically  altered  mice  animals  have  also  been  reported  to  have 
dysfunctional  wound  healing  (e.g.,  Slug  -/-  [70],  integrin  beta  6 
-/-  [71],  estrogen  receptor  -/-  [72],  telomerase  -/-  [73])  but 
again  these  are  models  of  delayed  healing  rather  than  a  good 
representation  of  a  true  chronic  wound. 


4  The  Need  for  Alternatives  to  Animal  Model  Systems 

Over  the  past  decade  of  so  it  has  become  increasing  obvious  that 
there  is  an  immediate  need  for  research  into  alternative  model  sys- 
tems as  it  is  clear  that  no  suitable  chronic  wound  animal  model 
currently  exists.  Whilst  current  animal  models  reproduce  some  of 
the  characteristics  of  chronic  wounds  none  truly  reproduce  the 
dysfunctional  wound  healing  responses  that  occur  in  aged  human 
subjects.  Indeed  as  the  aged  population  increases  there  is  a  drive  to 
develop  and  test  more  and  more  products  to  keep  up  with  health 
care  and  patient  demands.  The  increasing  size  of  this  market  ($bil- 
lions  worldwide  and  growing  [29])  means  that  more  and  more 
animal  testing  will  have  to  be  undertaken.  However,  as  a  result  of 
the  limitations  of  the  animal  models  testing  is  also  undertaken  on 
human  subjects.  Whilst  this  is  undoubtedly  the  best  possible  model 
system  ethical  issues  and  cost  must  be  taken  into  consideration. 
Therefore,  there  is  clearly  a  need  to  develop  simple,  reproducible 
in  vitro  model  systems  to  permit  rapid,  low  cost  testing  of  materials, 
reagents,  and  drugs  in  order  to  reduce  unnecessary  animal 
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experimentation.  It  is  now  readily  appreciated  that  there  are 
concerns  over  using  both  animal  and  human  experimental  models 
and  that  alternative  models  are  a  necessity. 


5   In  Vitro  Models  of  Wound  Healing 


Animal  models  of  wound  healing  generate  complex  wounds  involv- 
ing multiple  cell  types.  In  some  circumstances  the  complexity  of 
the  wounding  response  can  make  it  impossible  to  accurately  mea- 
sure the  effect  of  a  treatment  or  environmental  change  and  difficult 
to  determine  which  cells  are  specifically  affected.  Simpler  models  of 
wound  healing  are  therefore  useful  for  looking  at  specific  parts  of 
the  wound  healing  response.  Cells  cultured  either  alone  or  in  mul- 
ticellular complex  cultures  have  been  used  to  study  wound  healing. 
As  it  is  possible  to  use  human  cells  in  these  models  possible  differ- 
ences between  wound  responses  in  different  species  can  be  reduced. 
It  is  also  possible  to  use  cells  from  different  human  disease  states  or 
to  genetically  modify  the  cells  to  study  the  effect  these  changes 
may  have  on  the  wounding  response. 


5.1  The  Monolayer 
Scratch  Wound 


One  of  the  simplest  in  vitro  wound  models  is  the  monolayer  scratch 
assay,  allowing  the  quantification  of  cellular  migration/wound 
repopulation.  When  a  confluent  monolayer  of  cells  is  wounded  the 
cells  at  the  edge  of  the  wound  reorientate,  proliferate,  and  migrate 
into  the  space  closing  the  generated  wound.  By  imaging  the  wound 
at  the  beginning  of  cell  migration,  and  at  regular  intervals  during 
cell  migration,  it  is  possible  to  determine  the  rate  of  wound  clo- 
sure. Differences  in  cellular  migration  can  be  observed  using  this 
method;  for  example  keratinocytes  migrate  as  a  contiguous  sheet 
[74],  whereas  fibroblasts  migrate  individually  [75].  Scratch  wound 
models  can  be  used  by  themselves  to  study  specific  responses  to 
wounding,  or  in  conjunction  with  animal  models,  with  the  scratch 
wounds  allowing  greater  control  of  the  wound  environment  [76-80]. 
By  altering  the  environment,  the  cells  or  the  media  used  to  gener- 
ate the  scratch  wound  model  it  is  possible  to  study  the  effect  that 
different  stimuli  or  disease  states  have  on  wound  healing  [79,  81]. 
Scratch  wounds  have  been  used  to  study  chronic  wounds  either  by 
the  addition  of  deleterious  compounds  known  to  be  found  in 
chronic  wounds  [82]  or  by  using  cells  isolated  from  chronic 
wounds  in  the  scratch  assay  itself  [83,  84].  Overall,  scratch  wounds 
are  a  low  cost,  versatile,  albeit  simple  model  of  wound  healing. 


5.2  The  Fibroblast 
Populated  Collagen 
Lattice  Model 


Wound  repair  within  the  dermis  requires  the  replacement  and 
remodeling  of  ECM  by  the  dermal  fibroblasts.  This  process  can  be 
studied  in  vitro  using  a  fibro blast-populated  collagen  lattice  (FPCL; 
[85-93]).  Fibroblasts  are  introduced  into  a  solution  of  collagen 
(typically  type  I  collected  from  rat  tail  tendons).  The  mixture  of 
cells,  media,  and  collagen  is  cast  in  a  petri  dish  and  allowed  to 
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polymerize  to  form  a  cell-encapsulated  three-dimensional  lattice. 
Depending  on  the  geometric  constraints  applied  to  the  system, 
two  potential  models  can  be  obtained;  an  attached  or  a  floating 
FPCL.  Attached  FPCLs  remain  fixed  to  the  base  and  sides  of  the 
culture  well,  whereas  floating  FPCLs  become  detached  from  the 
culture  well  and  float  in  the  medium.  These  differences  have  pro- 
found effects  on  collagen  distribution  and  on  fibroblast  morphol- 
ogy, number  and  DNA  synthesis  [94-97]  with  the  two  models 
thought  to  represent  models  for  different  stages  of  the  wound 
healing  process. 

For  the  free-floating  collagen  lattice  system,  the  area  of  the 
FPCL  is  reduced  over  time  and  this  can  be  measured  giving  a  value 
for  the  rate  of  fibroblast-mediated  collagen  reorganization  of  the 
surrounding  ECM.  By  altering  the  cells  used  to  form  such  FPCLs 
different  disease  states  and  wound  healing  situations  can  be  mod- 
eled. For  example,  the  rate  of  lattice  reorganization  by  fetal  and 
oral  fibroblasts  is  greater  than  that  compared  to  skin  fibroblasts 
[98-102]  reflecting  the  distinct  differences  in  wound  healing 
(scarring)  outcome  observed  between  these  sites.  Furthermore, 
the  utilization  of  chronic  wound  and  aged  cells  within  these  sys- 
tems has  demonstrated  inherent  dysfunctionality  with  respect  to 
ECM  reorganization  in  these  cells  obtained  from  non-healing 
wounds  [103,  104].  It  is  also  possible  to  wound  these  systems  and 
manipulate  the  wound  space  (i.e.,  filling  it  with  other  ECM  mole- 
cules, biomaterials,  and  inductive  factors)  to  directly  study  wound 
repopulation  in  three  dimensions  [105].  However,  despite  the 
great  advance  these  systems  have  brought  in  terms  of  wound  heal- 
ing models,  they  were  still  deemed  insufficient  because  of  their  lack 
of  true  sldn  architecture  and  vital  cell/cell  interactions. 

5.3   Organotypic  Single  cell  in  vitro  models  do  not  allow  any  of  the  interactions 

Coculture  Model  between  different  cell  types  that  are  so  important  within  the  wound 

healing  response  within  tissues.  To  study  the  interactions  between 
dermal  and  epidermal  cells  without  using  animals,  cocultures  of 
keratinocytes  and  fibroblasts  can  be  utilized.  Growing  epidermal 
keratinocytes  on  a  collagen  matrix  containing  fibroblasts  generates 
such  epidermal  equivalents  [106].  The  keratinocytes  are  exposed 
to  the  air/liquid  interface  and  form  stratified  layers  as  seen  in  the 
epidermis  and  are  supplied  with  nutrients  from  the  underlying 
matrix  [107-112].  The  use  of  de-epidermalized  dermis  (DED)  as 
an  alternative  to  fibroblast  populated  collagen  gels  has  been 
demonstrated  to  generate  a  well-differentiated  epidermis  [113]. 
The  orgonotypic  cultures  generated  using  DEDs  are  histologically 
closer  to  human  epidermis  and  ideal  for  studying  alterations  in 
keratinocyte  differentiation. 

Commercially  available  epidermal  equivalents  are  also  available 
(www.sldnethic.com,  www.mattek.com):  modeling  full  thickness 
sldn,  epidermis,  and  epithelium  from  different  parts  of  the  body. 
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Epidermal  equivalents  can  be  modified  by  using  cells  from  different 
sources  such  as  Langerhans  cells,  endothelial  cells,  melanocytes,  or 
adipose  cells  [114-116]  or  by  the  addition  of  hair  follicles  [117] 
to  the  culture.  Wound  healing  can  be  studied  in  the  skin  equiva- 
lents by  wounding  the  skin  model  and  recording  the  cellular 
responses  [105,  118,  119].  Organotypic  coculture  models  add  a 
level  of  complexity  to  in  vitro  wound  modeling,  allowing  the 
investigation  of  complex  cell-cell  interactions.  Most  of  the  organ- 
otypic models  described  to  date  do  not  involve  a  functional  vascu- 
lature or  immune  response  although  reports  of  more  advanced 
skin  equivalent  systems  are  emerging  [114,  115,  120,  121]. 
Despite  the  utilization  of  the  skin  equivalent  for  over  30  years 
there  is,  however,  little  published  work  on  the  development  of  the 
system  as  a  chronic  wound  healing  model  (either  through  the  uti- 
lization of  chronic  wound  cells  or  the  addition  of  exogenous 
agents);  rather  most  work  has  focused  on  the  use  of  such  tissue 
engineered  constructs  for  clinical  benefit.  However,  organotypic 
models  do  offer  a  simplified  (yet  slight  more  complex)  system  to 
study  areas  of  wound  healing  such  as  cell/cell  signaling  and 
differential  cellular  migration. 

5.4  Skin  in  Culture        In  vitro  studies  of  the  epidermis  began  with  explant  and  organ 

culture  work  [122].  In  explant  culture  epithelial  cells  grow  from 
the  cut  edges  of  the  skin  segment  (epiboly)  onto  the  substrate. 
Epithelial  growth  occurs  faster  than  the  outgrowth  of  fibroblasts, 
although  ultimately  the  fibroblasts  take  over  the  culture  [123]. 
Organ  cultures  are  usually  established  to  maintain  full  thickness 
sldn  in  vitro.  The  survival  of  the  original  sldn  sample  in  explant  or 
organ  culture  is  characterized  by  a  series  of  degenerative  then 
regenerative  events.  There  are  normally  signs  of  necrosis  before 
the  end  of  the  first  week  in  culture  and  the  tissue  rarely  remains 
viable  for  more  than  14  days  [124,  125].  Despite  this  limited  time 
over  which  investigations  can  be  conducted,  such  model  systems 
have  been  used  to  study  wound  healing  [126-132]  and  limited 
investigations  have  studied  the  role  of  chronic  wound  cell  popula- 
tions [133]. 

5.5  Cell  Lines  as  Normal  human  somatic  cells  have  a  finite  lifespan  in  culture  before 
Models  of  Disease  they  enter  replicative  senescence  [134].  Primary  cells  taken  from  a 

patient  can  therefore  only  be  used  for  a  limited  period  of  time 
before  fresh  patient  samples  are  required.  To  overcome  this  prob- 
lem cell  lines  have  been  generated  for  numerous  different  cell 
types.  Initially  cell  lines  were  derived  from  spontaneously  immor- 
talized cells  such  as  the  HeLa  cell  line  [135].  An  alternative 
approach  for  cell  line  generation  has  been  the  use  of  oncogenic 
viral  proteins.  The  introduction  of  viral  genes  such  as  Simian  virus 
40  (SV40),  T  antigen,  Epstein  Barr  virus  (EBV),  Adenovirus  E1A 
and  E1B,  and  human  Papilomavirus  (HPV)  E6  and  E7  can  lead  to 


Alternatives  for  Animal  Wound  Model  Systems 


189 


the  immortalization  of  primary  cells.  The  expansion  of  tumor 
biopsies  into  cell  lines  or  the  expression  of  viral  oncogenes  can  also 
generate  useful  immortalized  cell  lines;  however,  the  cells  are  phe- 
no typically  different  from  the  primary  cells  they  were  derived  from. 
While  this  may  be  useful  in  the  study  of  cancer  biology,  where  the 
phenotypic  changes  in  the  cancer  cell  lines  may  relate  to  changes 
that  occur  in  tumor  formation,  these  cell  lines  are  less  useful  for  the 
study  of  wound  healing. 

Another  method  for  generating  cell  lines  from  somatic  cells  is 
the  over-expression  of  the  enzyme  telomerase.  Telomerase  is  a 
DNA  polymerase  that  specifically  restores  the  ends  of  telomeres 
that  are  damaged  at  cell  division.  Telomerase  adds  repeats  of 
TTAGGG  onto  the  existing  telomere  ends  [136-138].  Telomerase 
is  made  up  of  two  components:  a  protein  component  human 
telomerase  reverse  transcriptase  (hTERT)  and  a  RNA  component 
human  telomerase  RNA  component  (HTERC  or  hTR).  Most 
somatic  cells  do  not  express  sufficient  hTERT  to  maintain  their 
telomeres  at  a  constant  length  resulting  in  the  shortening  of  tiieir 
telomeres  at  each  cell  division,  growth  arrest,  and  eventual  senes- 
cence [139].  The  gene  for  hTERT  was  isolated  and  cloned  in  late 
1990s,  allowing  for  the  over-expression  of  hTERT  in  human  cells 
[140,  141].  The  forced  over-expression  of  hTERT  by  retroviral 
infection  of  somatic  cells  has  now  allowed  the  generation  of  many 
stable  cell  lines  that  maintain  their  previous  phenotype  [138,  140- 
143].  Importantly  hTERT  immortalized  cells  do  not  have  a  tumor- 
like phenotype:  they  remain  diploid,  contact  inhibited,  anchorage 
dependent,  and  differentiated.  Telomerization  now  allows  the  pro- 
duction of  a  range  of  apparently  normal  cell  lines  that  have,  at  least 
for  practical  purposes,  indefinite  growth  potential  and  a  phenotype 
essentially  identical  to  that  observed  with  normal  primary  cell 
strains. 


6   Development  of  the  Cardiff  In  Vitro  Human  Chronic  Wound  Reporter  Assay 

In  order  to  gain  a  better  understanding  of  chronic  wounds  an 
immortalized  cell  line  retaining  a  chronic  wound-specific  pheno- 
type would  provide  a  useful  tool  reducing  the  requirement  for 
fresh  patient  samples.  Such  a  cell  line  could  be  used  in  the  in  vitro 
models  of  wound  healing  described  previously  allowing  for  analysis 
of  chronic  wound  healing  without  the  need  for  animal  models. 

6.1  The  Importance  Previous  studies  into  the  molecular  and  cellular  responses  of  fibro- 
of  Fibroblasts  blasts  in  human  wound  healing  states  have  demonstrated  that 

fibroblasts  from  tissues  that  exhibit  altered  wound  healing  in  vivo 
(i.e.,  oral  tissues  and  chronic,  non-healing  venous  leg  ulcers)  exhibit 
distinct  phenotypic  responses  in  vitro  [83,  98,  99,  101-103,  144, 
145].  In  addition  to  the  fibroblasts'  ability  to  repopulate  and 
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remodel  wounds  following  injury  (via  matrix  metalloproteinase 
(MMP)  production,  and  activation),  they  influence  repair  via  their 
ability  to  control  re-epithelialization  and  angiogenesis  [145].  In 
support  of  the  importance  of  fibroblasts  influencing  wound  heal- 
ing outcome,  alterations  in  MMP  production  in  diabetic  fibro- 
blasts and  within  the  diabetic  skin  have  been  demonstrated  [146]. 
Furthermore,  recent  investigations  have  demonstrated  that  chronic 
wound  fibroblasts  demonstrate  premature,  telomere-independent 
senescence  which  impacts  on  their  ability  to  drive  repair  of  the 
wound  due  to  a  lack  of  production  of  several  key  chemokines  [83]. 
Thus  fibroblasts  are  considered  an  important  therapeutic  target  in 
wound  healing.  Indeed,  strategies  have  been  developed  to  both 
stimulate  healing  (e.g.,  growth  factors  [147])  and  to  minimize 
scarring  following  acute  injury  or  trauma  (e.g.,  anti-TGF-p,  trans- 
forming growth  factor  beta-3  (TGF-P3),  5-fluorouracil  [148- 
150]).  All  this  evidence  adds  further  weight  to  the  central  role  of 
fibroblasts  during  wound  healing  and  the  hypothesis  that  it  is  the 
dysfunctional  role  of  wound  fibroblasts  that  is  key  to  chronic  dis- 
ease progression  and  persistence.  However,  the  opportunities  to 
test  any  therapies  are  limited  as  the  disease-specific  fibroblast  phe- 
notypes  are  evident  at  low  passage/population  doubling  level  but 
are  eventually  lost  with  serial  culture.  Therefore,  the  ability  to  gen- 
erate immortalized  human  cells  in  the  laboratory  from  a  disease  of 
interest  as  a  target  for  therapies  would  be  of  considerable  advan- 
tage in  the  study  of  human  disease. 

From  primary,  chronic  wound  cell  strains  cell  lines  have  now  been 
generated  via  immortalization  with  a  retrovirally  introduced 
hTERT  expression  cassette.  hTERT  expression  introduced  into 
the  primary  cell  cultures  was  sufficient  to  mediate  an  dramatic 
increase  in  growth  potential  (i.e.,  effectively  immortalizing  them) 
compared  to  their  mock-transfected  and  non-transfected  (primary) 
counterparts  (Fig.  2).  Crucially,  immortalized  DF-hTERT  retained 
an  impaired  wound  healing  phenotype  compared  to  patient- 
matched  normal  sldn  fibroblasts  (NF-hTERT),  a  finding  initially 
demonstrated  for  the  primary  cell  strains  [151].  This  suggests 
(as  has  been  demonstrated  by  others  in  relation  to  immortalization 
of  various  other,  different  cell  types)  that  immortalization  does  not 
alter  disease-specific  responses.  Crucially  this  means  that  there  is 
no  longer  a  need  to  have  to  seek  new  patient  biopsy  material, 
instead  there  is  now  potentially  an  inexhaustible  supply  of  disease- 
specific  cells  that  are  available  for  the  development  of  a  reporter 
cell  line. 

The  overall  strategy  for  the  development  of  such  a  human 
chronic  wound  cell-based  reporter  assay  is  set  out  in  Fig.  3.  Briefly, 
this  involved  microarray  analysis  of  the  patient-matched  immortal- 
ized disease  and  normal  fibroblasts  to  identify  the  expression  of 
chronic  wound-specific  genes.  Having  verified  this  differential  gene 
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Fig.  2  Typical  population  doubling  data  for  chronic  wound  and  patient-matched  normal  skin  fibroblasts 
(±  immortalization  with  hTERT).  The  growth  potential  of  chronic  wound  fibroblast  cell  strains  is  notably  lower 
than  for  the  normal  fibroblasts,  with  chronic  wound  cells  senescing  (evidenced  by  the  growth  curve  plateauing 
off)  much  earlier.  However,  post-immortalization,  both  the  chronic  wound  and  normal  fibroblasts  escape  this 
senescence  point  and  continue  to  proliferate  for  extended  periods  of  time  in  culture 


expression  the  promoters  of  these  genes  (not  the  genes  themselves) 
were  cloned  and  linked  to  fluorescent  reporter  molecules  (specifically 
the  destabilized  variants  of  these  fluorescent  reporters  such  that 
any  signal  would  not  remain  within  the  cells  for  long  periods  of 
time  hence  permitting  real-time  expression  analysis  of  these  disease 
genes).  These  constructs  would  then  be  transfected  into  chronic 
wound  cells  to  assess  their  suitability  as  disease-specific  reporters. 


6.3  Identification 
of  Disease-Specific 
Marker  Genes 


Affymetrix™  microarray  analysis  to  investigate  the  stability  of  gene 
expression  within  the  cell  lines  during  extended  periods  of  time  in 
culture  (10,  30,  and  50  population  doublings  following  the  senes- 
cence of  the  parallel  mock-infected  cultures)  demonstrated  that,  at 
a  false  discovery  rate  (FDR)  level  of  5  %,  less  than  0.1  %  of  genes 
were  found  to  be  significantly  differentially  regulated.  Therefore, 
this  stability  of  gene  expression  within  the  immortalized  cell  lines 
makes  them  a  potentially,  highly  valuable  resource  for  the  develop- 
ment of  a  reporter  cell  line  for  commercial  purposes  (i.e.,  they  can 
be  substantially  expanded  for  commercial  scale  up  with  little  effect 
on  their  gene  expression  profiles). 

Comparison  of  the  array  data  for  immortalized  chronic 
wound  fibroblasts  with  immortalized  normal  fibroblasts  (5  % 
FDR  cut  off)  demonstrated  that  of  the  22,000  genes  examined 
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Fig.  3  The  overall  strategy  for  the  development  of  a  human  chronic  wound  cell-based  reporter  assay.  Chronic 
wound  and  patient-matched  fibroblasts  were  isolated  from  patients  and  maintained  in  culture.  These  cells  were 
then  immortalized  with  human  telomerase  (hTERT;  in  order  to  provide  a  never-ending,  consistent  supply  of 
disease  cells  for  the  development  of  the  assay),  RNA  was  extracted  and  Affymetrix  microarray  analysis  under- 
taken to  identify  the  expression  of  chronic  wound-specific  genes.  Having  verified  this  differential  gene  expres- 
sion (qRT-PCR)  the  promoters  of  these  genes  (not  the  genes  themselves)  were  cloned  and  linked  to  fluorescent 
reporter  molecules  (specifically  the  destabilized  variants  of  these  fluorescent  reporters  such  that  any  signal 
would  not  remain  within  the  cells  for  long  periods  of  time  hence  permitting  real-time  expression/repression 
analysis  of  these  disease  genes).  These  constructs  were  then  transfected  into  the  chronic  wound  cell  line  to 
assess  their  suitability  as  disease-specific  reporters 


1,336  were  altered  in  a  disease-specific  manner  in  response  to  a 
wound  healing  stimulus  (Fig.  4).  Further  data  mining  and 
pathway  analysis  identified  these  genes  to  be  involved  in  the  fol- 
lowing biological  pathways:  cell  migration  and  motility,  cell  adhe- 
sion and  ECM,  inflammatory  responses,  cell  division  and  cell 
cycle,  angiogenesis,  cytokine  activity,  growth  factor  activity,  apop- 
tosis  and  its  regulation,  transcription  factors,  and  transcriptional 
regulation.  This,  together  with  additional  manual  data  eviration 
and  validation  via  qRT-PCR,  has  enabled,  for  the  first  time,  the 
identification  of  specific  chronic  wound  disease  marker  genes 
which  are  stable  in  culture  and  which  can  be  exploited  in  the 
development  a  reporter  cell  line. 
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Fig.  4  A  typical  heat  map  demonstrating  a  selection  of  genes  specifically  up  (green)  or  down  (red)  regulated 
consistently  between  the  chronic  wound  and  normal  immortalized  fibroblast  cell  lines  (n=3  patients)  at  qui- 
escence (0  h)  or  after  serum  stimulation  (6  h) 


6.4  Generation 
of  a  Disease-Specific 
Reporter  Cell  Line 


As  the  promoter/enhancer  elements  of  the  disease  marker  genes 
(rather  than  the  genes  themselves)  were  required  (as  these  would 
drive  the  fluorescent  reporter  molecule),  then  these  were 
identified  (with  the  assistance  of  Dr.  Llewellyn  Rodderick, 
Babraham  Institute,  Cambridge,  UK),  genomic  DNA  was 
isolated  from  the  bank  of  chronic  wound  fibroblasts  and  the 
promoters /enhancers  of  the  genes  of  interest  amplified  by  PCR, 
cloned  into  entry  clone  plasmids  and  sequenced.  Similarly,  the 
destabilized  ZsGreen  fluorescent  reporter  open  reading  frame 
from  the  ZsGreenl-DR  plasmid  (Clontech)  was  also  cloned  and 
sequenced.  Utilizing  the  MultiSite  Gateway®  Cloning 
methodology  (Invitrogen),  a  disease  gene- promoter  ZsGreen 
reporter  construct  was  generated  which  was  transfected  into  the 
immortalized  chronic  wound  cell  lines.  Over  a  period  of  24  h 
fluorescent  time-lapse  microscopy  analysis  demonstrated  a 
significant  level  of  fluorescence  within  the  chronic  wound  cells 
demonstrating  that  a  functional  cell-based  reporter  system  had 
been  developed  (Fig.  5).  This  system  now  has  the  potential  to  be 
further  developed  and  validated  as  a  real-time,  high-throughput, 
human-based  in  vitro  test  system  for  (a)  the  prescreening  of 
agents  that  could  have  a  beneficial/detrimental  effect  on  chronic 
wound  healing  and  (b)  reducing  a  significant  amount  of 
unnecessary  and  unwarranted  animal  experimentation. 
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Fig.  5  Chronic  wound  fibroblasts  demonstrating  expression  of  a  chronic  disease-specific  marker;  (a)  phase 
contrast  image,  (b)  confocal  laser  scanning  microscope  image,  (c)  merged  image.  Scale  bar  =  50  urn 
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Novel  Methods  for  the  Investigation  of  Human 
Hypertrophic  Scarring  and  Other  Dermal  Fibrosis 

Dariush  Honardoust,  Peter  Kwan,  Moein  Momtazi, 
Jie  Ding,  and  Edward  E.  Tredget 


Abstract 

Hypertrophic  scar  (HTS)  represents  the  dermal  equivalent  of  fibroproliferative  disorders  that  occur  after 
injury  involving  the  deep  dermis  while  superficial  wounds  to  the  skin  heal  with  minimal  or  no  scarring. 
HTS  is  characterized  by  progressive  deposition  of  collagen  that  occurs  with  high  frequency  in  adult  dermal 
wounds  following  traumatic  or  thermal  injury.  Increased  levels  of  transforming  growth  factor-pl  (TGF- 
pT),  decreased  expression  of  small  leucine-rich  proteoglycans  (SLRPs),  and/or  fibroblast  subtypes  may 
influence  the  development  of  HTS.  The  development  of  HTS  is  strongly  influenced  by  the  cellular  and 
molecular  properties  of  fibroblast  subtypes,  where  cytokines  such  as  fibrotic  TGF-p\  and  CTGF  as  well  as 
the  expression  of  SLRPs,  particularly  decorin  and  fibromodulin,  regulate  collagen  fibrillogenesis  and  the 
activity  of  TGF-pY  Reduced  anti-fibrotic  molecules  in  the  ECM  of  the  deep  dermis  and  the  distinctive 
behavior  of  the  fibroblasts  in  this  region  of  the  dermis  which  display  increased  sensitivity  to  TGF-pYs 
biological  activity  contribute  to  the  development  of  HTS  following  injury  to  the  deep  dermis.  By  compar- 
ing the  cellular  and  molecular  differences  involved  in  deep  and  superficial  wound  healing  in  an  experimen- 
tal wound  scratch  model  in  humans  that  has  both  superficial  and  deep  injuries  within  the  same  excisional 
model,  our  aim  is  to  increase  our  understanding  of  how  tissue  repair  following  injury  to  the  deep  dermis 
can  be  changed  to  promote  healing  with  a  similar  pattern  to  healing  that  occurs  following  superficial  injury 
that  results  in  no  or  minimal  scarring.  Studying  the  characteristics  of  superficial  dermal  injuries  that  heal 
with  minimal  scarring  will  help  us  identify  therapeutic  approaches  for  tissue  engineering  and  wound  healing. 
In  addition,  our  ability  to  develop  novel  therapies  for  HTS  is  hampered  by  limitations  in  the  available  animal 
models  used  to  study  this  disorder  in  vivo.  We  also  describe  a  nude  mouse  model  of  transplanted  human 
skin  that  develops  a  hypertrophic  proliferative  scar  consistent  morphologically  and  histologically  with 
human  HTS,  which  can  be  used  to  test  novel  treatment  options  for  these  dermal  fibrotic  conditions. 

Key  words  Dermal  fibroblasts,  Wound  healing,  Hypertrophic  scar,  Nude  mouse 


1  Introduction 

Hypertrophic  scar  (HTS)  is  a  fibroproliferative  disorder  that  occurs 
in  human  skin.  Injury  to  the  deep  dermis  often  leads  to  HTS 
formation.  Interestingly,  superficial  injuries  often  heal  with  minimal 
or  no  scarring.  Cellular  and  molecular  processes  that  lead  to  HTS 
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development  following  injury  to  the  deep  dermis  are  not  fully 
characterized.  However,  existing  evidence  indicates  that  heteroge- 
neity of  fibroblasts  in  terms  of  function,  subtype,  and  population 
and  differences  in  the  level  of  growth  factors  between  superficial 
and  deep  dermal  wounds  may  influence  HTS  development  after 
deep  dermal  injury.  It  has  been  reported  that  deep  dermal  fibro- 
blasts have  a  higher  expression  of  connective  tissue  growth  factor, 
type  I  collagen,  a-smooth  muscle  actin  (ce-SMA),  and  transforming 
growth  factor-Pi  (TGF-Pi)  when  compared  to  cells  from  superficial 
layers  [1].  Higher  expression  of  TGF-Pi  results  in  increased  number 
of  oc-SMA-expressing  fibroblasts;  excessive  collagen  production 
and  abnormal  extracellular  matrix  structure  are  considered  the 
prominent  features  of  the  pathology  of  HTS.  Fibroblasts  are  the 
key  cells  involved  in  wound  healing  and  collagen  fibrillogenesis. 
In  scar-free  regenerative  healing  such  as  in  fetal  wound  healing, 
fibroblasts  are  dormant  and  show  minimal  proliferation  and 
decreased  extracellular  matrix  production;  however,  augmented 
fibroblast  biological  activity  leads  to  increased  fibril  synthesis.  As 
well,  the  down-regulation  of  collagen  and  remodelling  contributes 
to  fibrosis  in  the  skin,  resulting  in  HTS.  At  the  cellular  level, 
HTS  is  characterized  by  an  accumulation  of  type  I  collagen  com- 
prising an  increased  population  of  fibroblasts,  myofibroblasts,  and 
endothelial  cells  [1,2].  Myofibroblasts  which  are  characterized  by 
an  increased  expression  of  oc-SMA  and  cytoldnes  such  as  TGF-Pi 
orchestrate  extracellular  matrix  contraction  in  fibrosis  [3].  The  dif- 
ferentiation of  fibroblasts  to  myofibroblasts  is  subject  to  TGF-p/s 
biological  activity.  TGFPi  has  been  considered  a  key  profibrotic 
mediator  of  different  cell  functions  including  cell  migration,  prolif- 
eration, differentiation,  survival,  and  development  of  new  blood 
vessels  during  wound  healing.  At  the  cell  surface,  the  TGF-p 
ligands  bind  to  TGF-p  receptor  II,  which  leads  to  cell  signalling 
and  increased  bioactivity  [4,  5].  Therefore,  the  expression  of 
TGF-p  receptor  II  during  wound  healing  appears  to  be  an  impor- 
tant factor  that  may  potentially  influence  TGF-p  fibrogenic  activity. 
Growing  evidence  indicates  that  differences  between  cellular  and 
molecular  constituents  of  papillary  and  deep  reticular  dermis  can 
account  for  minimal  scarring  and  HTS  development,  respectively, 
in  these  areas  of  the  sldn.  For  example,  small  leucine-rich  proteo- 
glycans (SLRPs),  particularly  decorin  and  fibromodulin,  can  influ- 
ence scar  formation  by  binding  to  and  manipulating  TGF-pj 
activity  [6-8].  Furthermore,  fibroblasts  from  deep  and  superficial 
layers  of  the  sldn  may  have  distinctive  differences  in  surface  anti- 
gens which  coordinate  the  structural  organization  of  extracellular 
matrix  and  the  interaction  with  different  molecules  [9].  One  of  the 
most  relevant  molecules  of  interest  is  fibroblast's  surface  antigen 
Thy-1  or  CD90,  an  N-glycosylated,  glycophosphatidylinositol 
(GPI)- anchored  conserved  cell  surface  protein.  It  has  been  shown 
that   differential   expression   of  Thy-1    affects  myofibroblast 
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differentiation  by  TGF-0!  [10,  11].  Lack  of  Thy- 1  [11]  has  been 
associated  with  an  accumulation  of  collagen  and  increased  tissue 
fibrosis  [12].  To  date  the  role  of  Thy-1  in  the  development  of  HTS 
has  not  been  studied.  Since  Thy-1  is  implicated  in  tissue  fibrosis, 
studying  its  interaction  with  TGF-0!  may  reveal  novel  information 
to  control  dermal  scarring.  Taken  together,  compared  to  papillary 
fibroblasts,  reduced  levels  of  anti-fibrotic  molecules,  decorin,  fibro- 
modulin,  Thy-1,  and  TGF-p3  in  deep  dermis  may  determine  the 
outcome  of  wound  healing  and  increase  HTS  formation  following 
injury  that  involves  deeper  layers  of  skin. 

1.1  Linear  Scratch  The  procedure  for  creating  the  linear  scratch  in  the  wound  scratch 
Model  model  has  been  explained  elsewhere  [13, 14].  The  following  briefly 

describes  the  steps  in  the  procedure. 


1.2  Fibroblasts  from  Dermal  fibroblasts  can  be  divided  into  distinct  subpopulations  with 
the  Deep  and  unique  regenerative  or  fibrotic  properties  based  on  their  depth 

Superficial  Layers  [15-17].  Although  we  have  previously  described  dividing  the  der- 

of  the  Skin  mis  into  multiple  layers  [9],  this  requires  a  high  level  of  technical 

skill  in  the  use  of  dermatomes,  which  is  typically  difficult  for  non- 
surgeons  to  acquire.  We  have  found  that  harvesting  the  most  super- 
ficial and  deepest  portions  of  dermis  for  fibroblast  extraction  is  more 
straightforward  and  is  also  the  most  experimentally  relevant,  and 
therefore  we  outline  this  process  in  detail.  As  with  most  techniques, 
there  are  multiple  ways  to  isolate  superficial  and  deep  dermis.  We 
present  two  options  for  each  and  highlight  our  preferred  approach, 
which  is  designed  to  allow  extraction  of  a  wide  variety  of  cells  to 
maximize  the  yield  from  limited  amounts  of  human  tissue. 

Human  abdominoplasty  specimens  are  collected  under  a  health 
ethics  review  board-approved  protocol  along  with  relevant  donor 
information  including  gender,  age,  smoking  status,  and  medical 
comorbidities.  Other  tissues  such  as  breast  reduction  specimens 
may  be  used,  but  in  our  practice  these  are  unavailable  since  they  are 
routinely  sent  for  pathological  examination.  No  such  requirement 
exists  for  abdominoplasty  specimens,  and  we  have  found  that 
patients  are  generally  willing  to  consent  to  donate  their  abdomino- 
plasty tissue.  As  donors  are  not  screened  for  blood-borne  diseases 
(e.g.,  hepatitis  C  or  human  immunodeficiency  virus),  all  of  the 
collected  tissues  must  be  handled  using  universal  precautions. 
Generally  this  includes  appropriate  personal  protective  equipment 
such  as  gloves,  gowns,  masks,  and  eye  shields.  All  tissues  are  han- 
dled inside  a  biosafety  cabinet,  and  all  tissues  are  disposed  of  in 
appropriate  biologic  waste  containers. 

Specimens  are  collected  and  transported  in  a  rapid,  sterile, 
cooled  fashion  to  the  laboratory  for  processing.  A  dermatome  is 
used  to  split  the  dermis  into  sequential  layers  of  increasing  depth. 
These  individual  dermal  layers  are  further  digested  enzymatically 
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or  cut  into  small  pieces  for  explantation  and  recovery  of  the  fibro- 
blasts. This  allows  one  to  harvest  matched  superficial  and  deep  dermal 
fibroblasts  for  further  experimentation. 

1.3  A  Nude  Mouse  Our  understanding  of  HTS  is  hampered  by  limitations  in  the 
Model  Of  Human  available  animal  models  used  to  study  this  disorder.  Here  we 

Hypertrophic  Scar  describe  a  nude  mouse  model  of  HTS  that  can  be  used  to  create 

proliferative  xenograft  scars  that  have  been  shown  to  be  morpho- 
logically and  histologically  consistent  with  human  HTS  [18]. 
Furthermore,  this  model  can  be  used  to  develop  as  well  as  test  the 
efficacy  of  novel  treatment  options  for  HTS. 

The  nude  mouse  model  uses  transplanted  split-thickness 
human  skin  grafts  to  generate  proliferative  xenograft  scars.  First, 
human  split-thickness  sldn  is  harvested  from  resected  abdominal 
tissue  from  healthy  females  undergoing  cosmetic  abdominoplasty. 
The  skin  is  then  cut  into  2.0  x  1.5  cm  grafts  that  are  sewn  in  a 
tie -over- bolus  fashion  to  a  full-thickness  dorsal  sldn  defect  created 
on  the  backs  of  nude  mice.  Over  time  these  wounds  heal  and  become 
firm,  thickened,  and  red  scars  that  closely  resemble  human  HTS. 

In  our  initial  experiments  with  this  model  both  split-  and  full- 
thickness  human  grafts  were  transplanted  onto  nude  mice  [18]. 
Quantification  of  dermal  thickness  over  time  showed  a  greater  per- 
cent increase  in  scar  thickness  over  time  using  split-thickness  human 
sldn  grafts  [18].  For  this  reason  in  our  subsequent  studies  we  have 
chosen  to  use  only  split-thickness  human  sldn  grafts.  Our  current 
work  with  the  nude  mouse  model  supports  our  previously  published 
morphological  and  histological  observations.  Red,  thick,  inelastic 
scars  with  an  increase  in  dermal  thickness,  abnormal  whorled  colla- 
gen bundles,  increased  mast  cell  density,  and  an  increase  in  oc-SMA 
expression  were  observed  following  engraftment  of  split-thickness 
human  sldn  onto  the  nude  mouse.  Our  characterization  of  this 
model  has  been  broadened  to  include  immunohistochemical  local- 
ization and  quantification  of  SLRPs  in  proliferative  xenograft  scars 
including  decorin  and  biglycan.  These  experiments  demonstrate 
reciprocal  changes  in  the  expression  of  these  proteins  similar  to 
those  encountered  in  human  HTS  [19,  14].  These  observations 
serve  to  further  support  the  use  of  the  nude  mouse  as  practical  and 
relevant  research  model  for  the  study  of  human  HTS. 


2  Materials 


2.1  Linear  Wound 
Scratch  Model 


Antibodies 

1.  Polyclonal  anti-TGF-pi  (V;  sc:  146),  Santa  Cruz  Biotechnology. 

2.  Monoclonal  anti-TGF-p3  (Xn-12;  sc:  80348),  Santa  Cruz 
Biotechnology. 

3.  Monoclonal   anti-decorin   (9XX;   sc873896),   Santa  Cruz 
Biotechnology. 
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4.  Polyclonal  anti-biglycan  (H-150;  sc-33788),  Santa  Cruz 
Biotechnology. 

5.  Polyclonal  anti-fibromodulin  (H-50;  sc-33772),  Santa  Cruz 
Biotechnology. 

6.  Polyclonal    anti-lumican    (H-90;    sc-33785),    Santa  Cruz 
Biotechnology. 

7.  Polyclonal  anti-TGF-p  receptor  type  RII  (C-16;  sc-220),  Santa 
Cruz  Biotechnology. 

8.  Anti-CD90/Thy-1  from  AbCam  (Cambridge,  MA,  USA). 

9.  Monoclonal     anti-procollagen    (1912)     from  Chemicon 
International  Inc. 

10.  Monoclonal  anti-lymphocyte-specific  protein-1  (LSP-1)  from 
BD  transduction. 

11.  Appropriate  Alexa-conjugated  anti-rat,  anti-rabbit,  or  anti -mouse. 

12.  Polyclonal  anti-p-actin  from  Sigma. 

13.  Anti-rabbit  and  anti-mouse  IgG  PLRP-conjugated  secondary 
antibodies. 


2.2  Fibroblasts  from 
the  Deep  and 
Superficial  Layers 
of  the  Skin 


2.3  A  Nude  Mouse 
Model  of  Human 
Hypertrophic  Scar 


All  materials  used  should  be  autoclaved  or  otherwise  appropriately 
sterilized  prior  to  use  to  avoid  contamination  of  harvested  cells. 

1.  Sterile  and  waterproof  transport  containers. 

2.  Normal  saline  (0.9  %). 

3.  Dermatome  with  guards  and  blades. 

4.  Snaps  or  Kochers. 

5.  Non-toothed  Adson  forceps. 

6.  Scissors. 

7.  Mineral  oil. 

8.  Dispase  solution  [16]:  Dispase  II  (-1,000  Japanese  units/mL 
or  1.67  Roche  units/mL  final  concentration)  in  Dulbecco's 
modified  Eagle  medium. 

9.  Centrifuge  tube  (50  mL). 

10.  Petri  dish. 

11.  Small-gauge  needles  (20  gauge). 

12.  Scalpel  (#20  blade). 

13.  Tissue  culture  flask  (75  cm2). 

Harvest  of  human  split-thickness  skin  grafts 

1.  Padgett  dermatome. 

2.  Sterile  green  towels. 

3.  Piercing  towel  clips. 

4.  Mineral  oil. 
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5.  Sterile  gown. 

6.  Cap. 

7.  Sterile  gloves. 

8.  Mask. 

9.  Eye  protection. 

10.  Plastic  carrier. 

11.  Single-use,  number  20  disposable  scalpel. 

12.  Conical  tubes. 

13.  Normal  saline. 

Transplantation  of  human  split-thickness  skin  grafts 

1.  4-6-week-old  male  Bagg  albino  (BALB)/c-nu/nu  nude  mice. 

2.  70  %  ethanol. 

3.  Sterile  green  towels. 

4.  Heating  pad. 

5.  Disposable  paper  ruler. 

6.  Sterile  gown. 

7.  Cap. 

8.  Sterile  gloves. 

9.  Mask. 

10.  Eye  protection. 

11.  Isoflurane  anesthetic. 

12.  Sterile  gloves. 

13.  Tears  Naturale®  P.M. 

14.  Nair®  hair  remover. 

15.  Sharpie  marker®. 

16.  Straight  scissors. 

17.  Adson  forceps. 

18.  Conical  tubes. 

19.  Normal  saline. 

20.  Human  split-thickness  skin  grafts. 

21.  4-0  braided  silk  suture,  taper  RB-1  needle. 

22.  Needle  driver. 

23.  Non-toothed  forceps. 

24.  Petrolatum  3  %  bismuth  tribromophenate  gauze. 

25.  Single-use,  sterile,  27  G  syringes  (1  mL). 

26.  Hydromorphone. 
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Harvest  of  normal  skin  and  scar  biopsies 

1.  70  %  ethanol. 

2.  Sterile  green  towels. 

3.  Heating  pad. 

4.  Disposable  paper  ruler. 

5.  Sterile  gown. 

6.  Cap. 

7.  Sterile  gloves. 

8.  Mask. 

9.  Eye  protection. 

10.  Straight  scissors. 

11.  Adson  forceps. 

12.  Conical  tubes. 

13.  Normal  saline. 

Processing  of  normal  skin  and  scar  biopsies 

1.  70  %  ethanol. 

2.  Sterile  gown. 

3.  Cap. 

4.  Sterile  gloves. 

5.  Mask. 

6.  Eye  protection. 

7.  Plastic  carrier. 

8.  Sterile  green  towels. 

9.  Tissue  cassettes. 

10.  Foam  pads. 

11.  Embedding  mold  (22x22x20  mm). 

12.  Conical  tubes. 

13.  Normal  saline. 

14.  Single-use,  number  20  disposable  scalpel. 

15.  Adson  forceps. 

16.  10  %  formalin. 

17.  Cryomatrix. 


3  Methods 


3.1  Creation 
of  a  Linear  Wound 
Scratch  Model 


1.  Following  informed  consent,  burn  patients  received  a  standard- 
ized wound  along  the  lines  of  relaxed  skin  tension,  midway 
between  the  anterior  superior  iliac  spine  and  the  greater  trochanter 
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Fig.  1  Creation  of  deep  and  superficial  scratch  wounds  and  histological  analysis  of  resulted  scars.  Jig  used  for 
the  creation  of  scratch  wound  model  (a).  Wound  created  on  the  hip  skin  (b).  Scratch  wound  70  days  post 
wounding  (c).  Deep  and  superficial  wound  scar  (d).  Deep  wound  scar  tissue  stained  with  H&E  (e).  Superficial 
wound  scar  tissue  stained  with  H&E  (f).  Double-head  arrows  in  (e)  and  (f)  indicate  average  thickness  of  epithe- 
lium. Arrowheads  point  to  cells.  Black  arrows  point  blood  vessels.  White  arrows  point  collagen.  ZWdeep  wound, 
SM/superficial  wound,  DI/KSdeep  wound  scar,  SWS  superficial  wound  scar,  H&E  hematoxylin  and  eosin 


under  general  anesthesia,  under  sterile  conditions  in  an  operating 
room  at  the  time  of  split-thickness  skin  graft  harvesting. 

2.  A  specially  designed  jig  using  a  No.  11  scalpel  blade  (Fig.  la) 
allows  the  creation  of  two  symmetrical  wounds  in  the  same 
subject  6  cm  long,  0-0.75  mm  deep  at  one  end  (superficial 
wound;  SW)  and  0.76-3  mm  deep  (deep  wound;  DW)  at  the 
other  end  above  the  superior  border  but  outside  the  skin  graft 
donor  site  (Fig.  lb)  (see  Note  5). 
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3.  To  confirm  the  depth  of  injury,  a  pilot  study  was  performed  on 
excised  lower  abdominal  skin  obtained  from  abdominoplasty 
patients. 

4.  The  wound  was  dressed  with  an  occlusive  dressing  (Opsite™) 
and  examined  and  digitally  photographed  on  days  14,  28,  60, 
and  120  post  injury. 

5.  Scars  were  analyzed  by  using  the  revised  Vancouver  Burn 
Scar  Score  and  Mexameter™  for  erythema  and  pigmentation 
as  previously  described. 

6.  The  entire  scar  was  excised  at  day  70  post  wounding  and 
representative  4  mm  diameter  punch  biopsies  were  taken 
from  the  SW  scar  (SWS)  and  the  DW  scar  (DWS)  regions 
for  analysis  before  the  wounds  were  closed  with  5(0) 
monocril  suture. 

Immunofluorescence  staining  and  confocal  microscopy  {see  Notes 
6-11, and  14-16) 

1.  For  immunofluorescence  staining,  paraffin-embedded  tissue 
sections  were  deparaffinized  in  two  washes  of  xylene  for  5  min 
and  hydrated  gradually  through  100,  90,  80,  and  70  %  alcohol 
for  5  min  each. 

2.  For  antigen  unmasking,  tissue  sections  were  exposed  to 
0.05  %  saponin  in  deionized  water  at  room  temperature  for 
30  min. 

3.  Tissue  sections  were  washed  three  times  with  phosphate - 
buffered  saline  (PBS),  and  blocked  with  PBS  containing 
bovine  serum  albumin  (BSA;  10  mg/ml)  and  Triton  X-100 
(0.01  %)  for  1  h  at  room  temperature. 

4.  The  tissue  sections  were  incubated  with  the  primary  antibody 
diluted  in  PBS  containing  BSA  (1  mg/ml)  and  Triton  X-100 
(0.01  %)  overnight  at  4  °C. 

5.  For  the  staining  of  cells,  fibroblasts  were  permeabilized  using 
0.5  %  Triton  X-100  for  5  min  before  incubating  with  blocking 
buffer. 

6.  For  cell  surface  receptor  staining,  the  permeabilization  step 
was  not  performed. 

7.  The  tissue  sections  were  washed  and  incubated  with  the  appro- 
priate secondary  antibody  for  1  h  at  room  temperature  before 
mounting  using  immuno-mount  solution. 

8.  For  double  immunofluorescence  staining,  the  tissue  sections 
were  incubated  with  the  first  primary  antibodies  above. 

9.  Sections  were  washed  and  incubated  with  the  second  primary 
antibody  overnight  in  the  cold  followed  by  1-h  incubation 
with  the  appropriate  Alexa-conjugated  anti-rat  or  anti-mouse 
antibody. 


212        Dariush  Honardoust  et  al. 


10.  Images  were  captured  using  Carl  Ziess  Laser  Confocal 
Microscope  equipped  with  LSM5  software. 

11.  Control  immunostaining  was  performed  by  omitting  the 
primary  antibody  incubation  step  resulting  in  negative  staining 
results  (data  not  shown). 

Western  blotting  (see  Note  12) 

To  determine  protein  expression  levels  of  SLRPs  and  TGF-p  receptor 
II  in  cultured  fibroblasts  the  following  steps  were  performed: 

1.  Cells  were  grown  to  95  %  confluency  in  DMEM/10  %  FBS  in 
25  ml  culture  flasks. 

2.  After  lysing  the  cells  by  adding  1  ml  of  lysis  buffer  (PBS,  Triton 
X-100,  EDTA,  protease  inhibitor  cocktail)  to  each  flask,  the 
dissolved  cells  were  transferred  to  1.5  ml  Eppendorf  tubes. 

3.  Samples  were  left  on  ice  for  30  min,  vortexed  intermittently, 
and  then  centrifuged  at  21913  (rotor  radius  of  10  cm)  for 
15  min  at  4  °C. 

4.  Supernatants  were  collected  and  the  protein  concentration  was 
determined  using  a  Bradford  protein  assay. 

5.  Equal  amounts  of  solubilized  protein  from  cultured  fibroblasts 
were  electrophoresed  in  10  %  SDS-polyacrylamide  gels  in 
0.1  M  Tris  borate/SDS  buffer. 

6.  The  proteins  were  transferred  to  PVDF  membranes. 

7.  Membranes  were  incubated  with  primary  antibodies  overnight  at 
4  °C,  followed  by  1-h  incubation  with  appropriate  horseradish 
peroxidase-conjugated  antibody  as  previously  described. 

8.  Antibody  binding  was  probed  using  a  chemiluminescence 
detection  system 

9.  The  blots  were  processed  to  be  visualized  by  exposing  mem- 
branes to  Kodak  X-ray  film. 

10.  The  blots  were  scanned  and  the  band  intensity  was  quantified 
using  Image  J  software  (http:/rsb.info. nih.gov/ij/). 

11.  Statistical  analysis  was  performed  by  one-way  ANOVA  and 
Dunnett's  multiple  comparison  test.  Values  of  ^<0.05  were 
considered  to  be  statistically  significant. 

To  determine  protein  expression  levels  of  SLRPs  and  TGF-p  recep- 
tor II  in  cultured  fibroblasts  the  following  steps  were  performed: 

Reverse  transcription  and  real-time  polymerase  chain  reaction 
(see  Note  12) 

1.  In  order  to  extract  total  RNA,  the  cultured  fibroblasts  were 
washed  with  PBS  and  solubilized  in  Trizol  reagent. 

2.  Total  RNA  was  extracted  from  the  cell  suspension  using 
RNeasy  Mini  Kit  following  the  manufacturer's  instructions. 
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3.  Samples  were  spectrophotometrically  quantified  (ft  =  260  nm). 

4.  Next  step  was  extraction  of  0.5  ug  of  the  RNA  for  first-strand 
cDNA  synthesis  using  M-MLV  (murine  Moloney  virus)  reverse 
transcriptase  by  incubation  at  three  different  conditions,  25  °C 
for  10  min  followed  by  37  °C  for  50  min  and  70  °C  for  15  min. 

5.  The  resulting  cDNA  was  used  as  a  template  for  real-time  poly- 
merase chain  reaction  (RT-PCR)  amplification  of  the  TGF-pi 
type  II  receptor  gene. 

6.  RT-PCR  was  done  using  Power  Sybr  GreenTM  PCR  master 
mix  in  a  total  reaction  volume  of  25  ul  containing  5  ul  of  a  1 : 1 0 
dilution  of  cDNA  product  from  the  first-strand  reaction  and 

I  fiM  of  forward  and  reverse  primers  of  TGF-pi  receptor  type 

II  gene  on  a  StepOne  Plus  Real  Time  PCR  system. 

7.  The  amplification  conditions  included  initial  denaturation  at 
95  °C  for  3  min  followed  by  cycles  of  denaturation  at  95  °C  for 
15  s  and  annealing  and  primer  extension  at  60  °C  for  30  s. 

8.  Gene  amplification  was  measured  in  terms  of  the  cycle  thresh- 
old (CT)  value  and  the  obtained  CT  value  was  normalized 
with  the  CT  value  of  the  housekeeping  gene,  hypoxanthine- 
guanine  phosphoribosyltransferase  (HPRT),  and  expressed  as 
mean  fold  change  ±  standard  error. 

9.  The  primers  for  TGF-p  receptor  type  II  gene  were 
AACCACCAGGGCATCCA  (forward)  and 
TCGTGGTCCCAGCACTCA  (reverse). 

10.  The  primers  for  HPRT  were  GACCAGTCAACAGGGGACA 
(forward)  and  ACACTTCGTGGGGTCCTTTT  (reverse). 

Flow  cytometry  analysis  for  Thy-1  expression  (see  Note  13) 

1 .  Fibroblasts  from  LI  and  L5  skin  layers  were  grown  in  DMEM 
supplemented  with  10  %  FBS  until  they  reached  95  % 
confluency. 

2.  The  cells  were  harvested  using  0.5  %  EDTA  for  10  min  and 
fixed  using  4  %  paraformaldehyde. 

3.  Cells  were  incubated  in  10  %  BSA  in  PBS  for  1  h  at  room  tem- 
perature for  blocking  the  nonspecific  antigen- binding  sites. 

4.  After  washing  with  PBS,  cells  were  incubated  with  FITC- 
conjugated  anti-CD90/Thyl  at  a  concentration  of  1  ug/ml 
on  ice  for  1  h. 

5.  Fluorescence  was  measured  by  flow  cytometry. 

6.  The  level  of  FITC  fluorescence  was  measured  through  the  FL-1 
channel  equipped  with  a  488  nm  filter  (42  nm  band  pass). 

7.  Data  were  acquired  on  10,000  FITC-positive  cells  per  sample 
with  fluorescent  signals  at  logarithmic  gain. 

8.  Data  was  analyzed  with  CellQuest  software. 
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3.2  Fibroblasts  Preparation  of  tissue 

Specimens  are  collected  from  the  surgical  suite  in  sterile  con- 
tainers containing  a  volume  of  cold  saline  sufficient  to  keep  the 
tissues  moist  during  transport  {see  Note  1). 

Containers  are  kept  cool  and  specimens  are  brought  to  the 
laboratory  as  rapidly  as  possible  and  processed  in  a  biosafety 
cabinet.  In  cases  where  this  is  not  feasible,  tissue  may  be  stored 
for  up  to  24  h  at  4  °C,  although  prolonged  storage  may  affect 
cellular  viability. 

Tissues  are  thoroughly  cleansed  with  saline  prior  to  processing. 
Harvesting  of  superficial  dermal  fibroblasts 

Superficial  dermis  can  be  harvested  in  one  of  the  two  ways  as  out- 
lined in  Fig.  2.  A  dermatome  can  be  used  to  either  first  remove  the 
epidermis  and  then  the  superficial  dermis  (Sequential  Dermatome 
Use  to  Separate  Tissue)  or  remove  the  epidermis  and  superficial 
dermis  in  continuity  and  these  can  then  be  separated  using  dispase 
digestion  (Enzyme  Digestion  to  Separate  Tissue).  Following  this 
step  the  epidermis  may  be  discarded  or  further  processed  to  extract 
matched  keratinocytes. 

Sequential  dermatome  use  to  separate  tissue 

1.  Place  abdominoplasty  tissue  with  skin  up  and  attach  snaps  or 
Kocher  to  corners  of  tissue  such  that  even  tension  can  be 
placed  on  the  skin  {see  Notes  2  and  3). 

2.  Cover  skin  with  a  thin  layer  of  mineral  oil  so  that  the  dermatome 
will  glide  smoothly  over  the  surface  {see  Note  4). 

3.  Set  dermatome  to  thickness  of  0.25  mm.  The  dermatome  can  be 
used  on  a  small  test  area  of  sldn  to  verify  the  correct  thickness. 

4.  Remove  epidermis  using  dermatome  and  discard. 

5.  Cover  dermis  with  a  thin  layer  of  mineral  oil  so  that  the  dermatome 
will  glide  smoothly  over  the  surface. 

6.  Set  dermatome  to  thickness  of  0.25  mm. 

7.  Remove  superficial  dermal  layer  using  dermatome  and  store  in 
saline. 

Enzyme  digestion  to  separate  tissue 

This  is  our  preferred  technique  as  it  allows  simultaneous  extraction  of 
keratinocytes  and  superficial  dermal  fibroblasts,  and  also  leads  to 
fewer  difficulties  with  fibroblast  contamination  of  keratinocytes. 

1.  Place  abdominoplasty  tissue  with  skin  up  and  attach  snaps 
to  corners  of  tissue  such  that  even  tension  can  be  placed  on 
the  skin  {see  Notes  2  and  3). 

2.  Cover  sldn  with  a  thin  layer  of  mineral  oil  so  that  the  dermatome 
will  glide  smoothly  over  the  surface  {see  Note  4). 
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Fig.  2  (a)  Abdominoplasty  specimen  showing  tissue  layers  and  dermatome  orientation  for  harvesting.  (Not  to 
scale.)  (b)  Schematic  representation  of  methods  for  harvesting  superficial  dermal  tissue,  (c)  Schematic  repre- 
sentation of  methods  for  harvesting  deep  dermal  tissue,  (d)  Photographs  demonstrating  (d  and  e)  usage  of  a 
dermatome  to  harvest  tissue,  (f)  epidermal  and  superficial  dermal  layers,  (g)  separation  of  subcutaneous 
adipose  tissue  from  underside  of  dermis,  and  (h)  harvesting  of  deep  dermal  tissue  using  a  dermatome 
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Fig.  2  (continued) 


3.  Set  dermatome  to  thickness  of  0.5  mm.  The  dermatome  can  be 
used  on  a  small  test  area  of  skin  to  verify  the  correct  thickness. 

4.  Remove  epidermis  and  superficial  dermis  as  contiguous  sheet 
using  dermatome.  Cut  sheet  into  strips  approximately  2  cm  wide. 

5.  Place  harvested  tissue  in  covering  dispase  digestion  solution  in 
a  centrifuge  tube  and  place  on  gende  agitator  at  4  °C  for  8  h 
or  overnight. 

6.  Remove  tissue  from  dispase  solution,  place  epidermal  side 
down  in  Petri  dish,  and  spread  out  so  that  tissue  is  flat  and 
epidermis  is  adherent  to  Petri  dish. 

7.  Using  small-gauge  needles  lift  and  pull  on  superficial  dermis  in 
a  gentle  scraping  motion  so  that  epidermis  and  superficial 
dermis  separate. 

8.  Place  epidermis  and  superficial  dermis  into  separate  containers 
of  normal  saline. 
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Fig.  2  (continued) 


Harvesting  of  deep  dermal  fibroblasts 

Deep  dermis  can  be  harvested  in  one  of  the  two  ways  as  outlined 
in  Fig.  2 .  A  dermatome  can  be  used  to  remove  either  serial  sections 
until  the  deep  dermis  is  left  (Sequential  Dermatome  Use  to 
Separate  Tissue)  or  the  deep  dermis  from  the  underside  of  the  skin 
once  the  subcutaneous  adipose  tissue  has  been  removed  (Separation 
of  Adipose  Tissue  and  Deep  Dennis).  Following  this  step  the  sub- 
cutaneous adipose  tissue  may  be  discarded  or  further  processed  to 
extract  matched  adipose -derived  stem  cells. 

Separation  of  adipose  tissue  and  deep  dermis 

This  is  our  preferred  technique  as  it  allows  simultaneous  extrac- 
tion of  adipose-derived  stem  cells  and  deep  dermal  fibroblasts,  and 
also  ensures  that  deep  dermal  fibroblasts  are  from  the  deepest  part 
of  the  dermis. 
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1 .  Attach  snaps  to  one  side  of  abdominoplasty  tissue  and  suspend 
tissue. 

2.  Using  scalpel  incise  tissue  at  junction  between  dermis  and 
subcutaneous  adipose  tissue. 

3.  As  subcutaneous  adipose  tissue  drops  away  from  dermis 
continue  to  separate  tissue  by  sweeping  scalpel  along  the  plane 
of  dissection. 

4.  Place  dermal  tissue  upside  down  and  attach  snaps  to  corners 
of  tissue  such  that  even  tension  can  be  placed  on  the  skin. 

5.  Cover  dermis  with  a  thin  layer  of  mineral  oil  so  that  the  derma- 
tome will  glide  smoothly  over  the  surface. 

6.  Set  dermatome  to  thickness  of  0.5  mm  and  remove  the  bottom 
layer  of  dermis  for  deep  dermal  fibroblasts. 

Extraction  of  dermal  fibroblasts  from  tissue 

Fibroblasts  can  be  extracted  from  dermal  tissue  using  either  of  the 
two  common  methods:  enzyme  digestion  or  explantation. 

Enzyme  digestion  of  dermis  for  extraction  of  fibroblasts 

While  we  do  not  outiine  the  specific  steps  involved  in  enzyme 
digestion  we  have  used  this  method  with  great  success.  However, 
it  is  important  to  note  that  this  technique  is  significantly  more 
expensive  than  explantation  because  of  the  requirement  for  the  use 
of  collagenase.  In  addition,  there  can  be  great  variability  between 
collagenase  from  various  supply  companies,  and  even  between  dif- 
ferent batches  from  the  same  manufacturer,  which  creates  a 
requirement  for  titration  to  determine  the  optimal  concentration 
for  digestion  that  simultaneously  avoids  inducing  cellular  death. 
Protocols  for  enzymatic  digestion  are  widely  available  in  series  such 
as  Methods  in  Molecular  Biology  and  Nature  Protocols. 

Explantation  of  fibroblasts  from  dermis 

The  advantages  of  this  method  are  lower  material  cost,  and  a  more 
forgiving  process  that  is  less  likely  to  induce  cell  death. 

1.  Cut  dermal  tissue  into  small  pieces  (<1  mm3)  and  place  into 
tissue  culture  flasks  at  a  density  of  approximately  1  piece  per  cm2. 

2.  Place  flask  in  incubator  for  30  min  to  allow  tissue  to  adhere  to 
flask  surface  and  then  gently  add  culture  media  without  disturb- 
ing tissue  attachment. 

3.  Replace  flask  in  incubator  for  3-5  days  with  media  changes 
every  2  days  to  allow  fibroblasts  to  migrate  out  of  tissue.  The 
degree  of  fibroblast  migration  can  be  assessed  using  an  inverted 
light  microscope. 

4.  Remove  tissue  and  continue  to  subculture  fibroblasts  as  per 
usual  protocol. 
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3.3  A  Nude  Mouse        Harvest  of  human  split-thickness  skin  grafts 

Obtain  abdominoplasty  tissue  from  surgery  suite;  store  in  nor- 
mal saline  {see  Note  17). 

Secure  one -half  of  the  resected  abdominal  tissue  to  a  suture 
tray  covered  with  a  sterile  green  towel  using  piercing  towel 
clips  (see  Note  18). 

Apply  mineral  oil  to  the  surface  of  the  tissue  section  and  the 
contact  surfaces  of  the  Padgett  dermatome. 

With  the  tissue  section  taut  and  the  dermatome  thickness  set  at 
0.035  cm  (14/1,000")  harvest  a  split-thickness  skin  graft  using 
the  4"  (largest)  guard. 

Immerse  the  sldn  graft  in  normal  saline  and  drape  sldn  over  a 
plastic  carrier. 

Using  a  prefabricated,  2.0x1.5  cm  plastic  template,  cut  out 
grafts  from  the  harvested  split-thickness  sldn  graft  using  a 
number  20  scalpel  (see  Note  19). 

Store  the  cut  2.0  x  1.5  cm  split-thickness  human  skin  grafts 
in  a  50  mL  conical  tubes  filled  with  normal  saline  and  place 
on  ice. 

Transplantation  of  human  split-thickness  skin  grafts 

1 .  Prepare  the  fume  hood  by  wiping  the  surface  with  70  %  ethanol 
and  draping  with  sterile  green  towels  (see  Notes  18,  20,  and  21). 

2.  Set  up  a  heating  pad  and  drape  with  sterile  green  towel. 

3.  Secure  paper  ruler  oriented  vertically  in  the  center  of  the 
operative  area  with  adhesive  tape. 

4.  Prepare  a  sufficient  number  of  postoperative  dressings  consist- 
ing of  2  x  2  dry  gauze  folded  in  half  and  xeroform  dressings  cut 
to  match  the  dry  gauze  size. 

5.  Prepare  a  sufficient  number  of  cages  for  postoperative  recovery 
(see  Note  22). 

6.  Remove  the  animal  from  its  cage  and  place  it  in  the  induction 
chamber  using  forceps  (see  Note  18). 

7.  Fill  the  chamber  with  a  mixture  of  isoflurane  anesthetic  and 
oxygen  until  the  animal  is  sufficiently  induced,  then  remove 
the  animal  from  the  chamber,  and  transfer  to  a  nose  cone  with 
the  animal  in  the  prone  position  (see  Note  23). 

8.  Apply  a  small  amount  of  Tears  Naturale  P.M.  to  each  eye. 

9.  Spread  a  quarter-sized  aliquot  of  commercial  hair  remover 
across  the  dorsal  surface  of  the  animal.  Wait  for  90-120  s  prior 
to  wiping  of  the  cream. 

10.  Prepare  the  sldn  on  the  dorsal  surface  with  iodine. 

11.  Use  a  2.0x1.5  cm  plastic  template  to  mark  the  dorsal  skin 
resection  margins. 


Model  of  Human 
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12.  Use  straight  scissors  to  cut  around  the  perimeter  of  the  skin 
markings  and  sharply  dissect,  elevate,  and  excise  a  2.0  x  1.5  cm 
full-thickness  defect  on  the  dorsal  surface  (see  Note  24). 

13.  Suture  the  prepared  2.0x1.5  cm  human  split-thickness  skin 
grafts  into  the  dorsal  defect  using  4-0  braided  silk  suture  on  a 
taper  RB-1  needle  (see  Notes  25  and  26). 

14.  Gently  wash  and  dry  the  wound  with  normal  saline  and  dry 
gauze. 

15.  Dress  grafts  with  prepared  non-adherent  petrolatum 
(Xeroform™,  Covidien,  Mansfield,  MA)  and  dry  gauze  tie- 
over-bolus  dressing  to  ensure  adherence  of  the  graft  to  the 
wound  bed  (see  Note  27). 

16.  Remove  the  animal  from  the  nose  cone  and  inject  0.02  mL 
of  hydromorphone  (hydro mo rphone  HP  10  diluted  to 
0.05  mg/mL)  subcutaneously  using  a  27  G  syringe  for  post- 
operative pain  management. 

17.  Wipe  the  animal's  eyes  clean  and  return  it  to  the  cage  for 
recovery. 

18.  Monitor  the  animal  carefully  during  the  immediate  postoperative 
period  (see  Note  28). 

19.  All  sutures  and  dressings  are  removed  7  days  following  grafting 
(see  Note  29). 

Harvest  of  normal  skin  and  scar  biopsies 

1.  Repeat  steps  1-3  from  Subheading  3.2  (see  Note  18). 

2.  Euthanize  animals  at  desired  time  points  using  a  lethal  dose  of 
isoflurane  anesthetic. 

3.  Normal  skin  and  scar  biopsies  are  harvested  using  sharp  scis- 
sors and  forceps  lifted  off  the  panniculus  carnosus. 

4.  Immediately  store  skin  samples  in  a  50  mL  conical  tube  in 
normal  saline. 

Processing  of  normal  skin  and  scar  biopsies 

1.  Prepare  the  fume  hood  by  wiping  the  surface  with  70  %  etha- 
nol  and  draping  with  sterile  green  towels  (see  Note  18). 

2.  Prepare  a  suitable  number  of  tissue  cassettes  with  two  foam 
pads  inside  each  cassette.  Appropriately  pre -label  all  cassettes 
(see  Note  30). 

3.  Prepare  a  suitable  number  of  embedding  molds 
(22  x  22  x  20  mm)  by  filling  each  half  full  with  cryomatrix  and 
freezing  at  -80  °C  (see  Note  31).  Appropriately  pre-label  all 
embedding  molds. 

4.  Divide  freshly  harvested  normal  sldn  and  scar  biopsy  samples 
into  thirds  using  a  single-use,  number  20  disposable  scalpel. 
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5.  Cut  one-third  of  the  sample  into  ~2  mm  vertical  strips 
(see  Note  32). 

6.  Sandwich  vertically  cut  skin  samples  between  foam  pads  inside 
pre-labeled  tissue  cassettes  (see  Note  33). 

7.  Immerse  cassettes  in  10  %  formalin  for  at  least  24  h  at  room 
temperature  prior  to  processing  and  paraffin  embedding. 

8.  Cut  paraffin-embedded  sections  to  5  um  and  mount  on  glass 
slides.  Store  the  slides  at  room  temperature. 

9.  Cut  another  one-third  of  the  sample  into  ~2  mm  vertical 
strips. 

10.  Lay  vertically  cut  strips  flat  inside  embedding  mold,  cover  with 
cryomatrix,  and  immediately  freeze  at  -80  °C  (see  Note  34). 

11.  Cut  OCT  sections  to  10  um  and  mount  on  glass  slides.  Store 
at  -20  °C. 

12.  Snap  freeze  the  remaining  one-third  of  the  sample  for  future 
RNA  and  protein  isolation  and  analysis.  Store  at  -80  °C. 


4  Notes 

1.  When  choosing  abdominoplasty  tissue  for  processing  we  dis- 
card those  portions  with  striae  distensae  (stretch  marks)  as  this 
alters  the  dermal  architecture  and  we  feel  that  the  resulting 
dermal  fibroblast  subpopulations  are  uncharacterized. 

2.  Maintaining  tension  on  the  skin  while  harvesting  sections 
using  the  dermatome  can  be  challenging  and  is  often  simplified 
by  having  one  individual  maintain  tension  while  a  second 
maneuvers  the  dermatome. 

3 .  Even  application  of  the  dermatome  along  the  entire  width  of  the 
blade  to  the  skin  is  essential  to  harvesting  tissue  with  a  uniform 
thickness,  as  outiined  in  Fig.  2.  This  can  be  facilitated  by  stretch- 
ing the  skin  over  a  convex  deformable  object,  such  as  a  normal 
saline  bag,  and  then  running  the  dermatome  over  top. 

4.  Smooth  gliding  of  the  dermatome  over  the  tissue  is  essential 
for  consistency  and  uniform  depth.  This  is  made  much  simpler 
by  generous  use  of  mineral  oil  and  reapplication  before  each 
pass  of  the  dermatome  is  made. 

5.  The  deep  scratch  wound  scar  shows  features  of  hypertrophic 
scarring.  The  SW  at  one  end  of  the  wound  scratch  model  was 
a  partial/superficial  thickness  wound  between  0.1  and 
0.75  mm  deep  that  regenerated  with  minimal  scarring  (SWS) 
(Fig.  lb-d).  The  DW  at  the  other  end  was  considered  to  be  a 
full-thickness  deep  dermal  wound  between  0.76  and  3.0  mm 
that  resulted  in  an  erythmatous,  elevated,  inflamed  scar  (DWS) 
restricted  to  the  site  of  injury  and  overall  showed  gross  symp- 
toms of  HTS  (Fig.  lb-d).  Histological  analysis  of  the  scar 
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showed  that  compared  to  SWS  (Fig.  If),  the  DWS  (Fig.  le) 
developed  thicker  epithelium  (double-head  arrows),  an  accu- 
mulation of  thick  collagen  bundle  fibers  (white  arrow),  hyper- 
cellularity  (arrowhead),  and  an  increased  number  of  blood 
vessels  per  unit  area  (black  arrow).  Fibroblasts  from  superficial 
and  deep  layers  of  normal  human  dermis  that  represent  papil- 
lary and  reticular  fibroblasts,  respectively,  were  isolated  from 
layer  1,  75  ^m  below  the  epithelium  and  layer  5  of  the  dermis, 
100  \im  above  the  dermal  adipose  tissue.  Layer  1  is  thought  to 
be  correlated  with  superficial  wounds  that  heal  with  minimal 
scarring  whereas,  layer  5  involves  deep  dermal  injuries  that 
result  in  hypertrophic  scarring. 

6.  Decorin  is  primarily  localized  to  the  extracellular  matrix 
(Fig.  3a)  while  fibromodulin  was  associated  with  cells  (Fig.  3d). 
Staining  intensity  of  decorin  and  fibromodulin  was  noticeably 
lower  in  DWS  (Fig.  3b  and  e,  respectively)  compared  to  SWS 
(Fig.  3a,  d,  respectively);  however,  decorin  and  fibromodulin 
were  significantly  reduced  in  DWS  compared  to  SWS  (Fig.  3c, 
f).  In  L5  fibroblasts,  the  immunoreactivity  of  decorin  and 
fibromodulin  (Fig.  3h,  k,  respectively)  was  considerably 
reduced  compared  to  fibroblasts  from  superficial  layers  (LI) 
(Fig.  3g,  j,  respectively). 

7.  Compared  to  LI  fibroblasts,  the  protein  expression  of  decorin 
and  fibromodulin  in  L5  fibroblasts  was  significandy  decreased 
(Fig.  3i,  1).  Continuous  deposition  and/or  abnormal  turnover 
of  collagen  or  the  ratio  of  collagen  type  I/type  III  was  consid- 
ered to  be  the  main  reason  for  HTS  development  [20]. 
Collagen-binding  proteoglycans,  SLRPs,  decorin,  biglycan, 
and  fibromodulin  can  bind  to  and  inhibit  TGF-Pi  activity  in 
vitro  and  in  vivo  [7,  8,  21,  22].  These  results  suggest  a  role  for 
SLRPs  in  the  reduction  of  scarring  in  superficial  dermal 
wounds.  Taken  together,  the  findings  may  indicate  that  the 
decreased  expression  of  decorin  and  fibromodulin  especially  in 
deep  dermis  can  contribute  to  the  development  of  HTS  after 
deep  dermal  injury  wounds. 

8.  TGF-Pi  appeared  to  be  primarily  cell  associated  in  scar  tissue 
and  its  immunoreactivity  was  significantly  higher  in  DWS 
tissue  compared  to  SWS  (Fig.  4a-d,  i).  TGF-P3  localized  to 
cells'  extracellular  matrix  and  was  significantly  down-regulate 
in  DWS  compared  to  SWS  (Fig.  4e,  f,  i).  We  also  saw  TGF-P3 
accumulated  in  the  area  below  the  basement  membrane  of  the 
epithelium  and  in  basal  epithelial  cells  in  SWS  but  it  was  absent 
from  DWS  tissue  suggesting  a  novel  function  for  TGF-p3  in 
basal  epithelial  cells  (Fig.  4e,  f,  arrows). 

9.  In  cultured  fibroblasts,  cells  from  L5  had  significantly  higher 
TGF-pi  immunoreactivity  compared  to  LI  fibroblasts  (Fig.  4c, 
d,  j)  whereas  TGF-p3  was  significantly  higher  in  LI  fibroblasts 
when  compared  to  L5  fibroblasts  (Fig.  4g,  h,  j).  However, 
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Fig.  3  Expression  of  SLRPs  in  scar  and  cultured  dermal  fibroblasts.  Representative  images  immunostained  for 
decorin  and  fibromodulin.  Decorin  staining  in  the  scar  tissues  (a  and  b).  Quantitation  of  relative  decorin  immu- 
noreactivity  in  the  scar  tissues  (c).  Fibromodulin  staining  in  the  scar  tissues  (d  and  e).  Quantitation  of  relative 
fibromodulin  immunoreactivity  in  the  scar  tissues  (f).  Decorin  staining  in  cultured  dermal  fibroblasts  (g  and  h). 
Immunoblotting  for  decorin  in  cultured  dermal  fibroblasts  (i).  Fibromodulin  staining  in  cultured  dermal  fibro- 
blasts (j  and  k).  Immunoblotting  for  fibromodulin  in  cultured  dermal  fibroblasts  (I).  DCN  decorin,  FMN  fibro- 
modulin, DWS  deep  wound  scar,  SWS  superficial  wound  scar,  L1  layer  1  dermis,  L5  layer  5  dermis.  100  ^m: 
Scale  bar  for  (a),  (b),  (d),  and  (e).  20  urn:  Scale  bar  for  (g),  (h),  (j),  and  (k).  *P<0.05,  **P<  0.001 
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Fig.  4  Localization  and  immunoreactivity  of  TGF-ps  in  scar  and  cultured  dermal  fibroblasts.  Representative 
images  immunostained  for  TGF-pi  in  green  in  SWS  and  DWS  (a  and  b).  Representative  images  immunos- 
tained  for  TGF-pi  in  green  in  L1  and  L5  cultured  fibroblasts  (c  and  d).  Representative  images  immunostained 
for  TGF-p3  in  red  in  SWS  and  DWS  (e  and  f).  Representative  images  immunostained  for  TGF-p3  in  red  in  L1 
and  L5  cultured  fibroblasts  (g  and  h).  Blue  indicates  DAPI  staining  for  nucleus.  Relative  staining  intensity  quan- 
titation of  TGF-pR1 1  and  TGF-p3  in  SWS  and  DWS  (i).  Relative  staining  intensity  quantitation  of  TGF-p1  and 
TGF-p3  in  L1  and  L5  cultured  fibroblasts  (j).  Arrows  in  (e)  and  (f)  indicate  epithelium.  1 00  \im:  Scale  bar  for 
(a),  (b),  (e),  and  (f).  20  \im:  Scale  bar  for  (c),  (d),  (g),  and  (h).  SWS  superficial  wound  scar,  ZWS  deep  wound 
scar,  L1  layer  1  dermis,  Z.5  layer  5  dermis.  *P<0.05 


differences  in  extracellular  matrix  constituents  such  as  SLRPs 
and  ratio  of  TGF-P!/TGF-p3  and  differences  in  the  fibroblast 
subtypes  and  population  between  superficial  and  deep  dermal 
wounds  may  play  a  key  role  in  the  development  of  HTS  follow- 
ing deep  dermal  injury.  An  increase  in  the  activity  and  pro- 
longed expression  of  TGF-pi  is  considered  to  be  a  major  factor 
that  leads  to  the  development  of  HTS. 

10.  TGF-P3  is  a  non-fibrotic  cytokine  that  down-regulates  TGF- 
pi  expression  [23-25].  The  balance  between  TGF-pi  and 
TGF-P3  may  be  an  important  regulator  of  scar  formation. 
Interestingly,  it  has  been  shown  that  in  a  non-scarring  gingi- 
val wound  model,  the  ratio  of  TGF-P3  to  TGF-pi  is  higher  at 
later  wound  healing  time  points  [26].  As  well,  fibroblasts 
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from  fetal  tissue  that  heal  without  scarring  exhibited  an 
increased  expression  of  TGF-P3  [27,  28].  In  this  study,  the 
accumulation  of  TGF~p3  was  considerably  higher  in  superficial 
scars  but  TGF-pi  was  lower.  In  contrast,  TGF-pi  expression 
was  pronounced  in  HTS  whereas  TGF-P3  was  decreased. 
Thus,  decreased  TGF-P3  in  the  deeper  areas  of  dermis  may 
aggravate  the  outcome  of  wound  healing. 

1 1 .  In  order  to  determine  the  expression  of  TGF~p3  affinity  to  TGF- 
pi,  fibroblasts  from  different  layers  of  dermis  were  analyzed 
using  immunofluorescence  staining,  western  blotting,  and 
RT-PCR.  The  number  of  TGF-pl  receptor  type  II  localized  to 
the  cell  surface  in  L5  fibroblasts  was  prominendy  higher  than 
that  in  LI  fibroblasts  (Fig.  4a,  b,  arrows).  Similarly,  the  immu- 
noreactivity  of  TGF-p  receptor  type  II  in  L5  fibroblasts  was  sig- 
nificantly higher  compared  to  fibroblasts  from  LI  (Fig.  5c). 

12.  As  compared  to  LI  fibroblasts,  fibrotic  L5  fibroblasts  showed 
significantly  higher  levels  of  TGF-p  receptor  type  II  protein 
expression  (Fig.  5d).  Quantitative  RT-PCR  analysis  also 
showed  close  to  a  threefold  increase  in  the  expression  of 
TGF-BR11  receptor  type  II  in  L5  fibroblasts  compared  to  LI 
fibroblasts  (Fig.  5e)  suggesting  that  injuries  to  the  deep  der- 
mis, which  contains  more  TGF-p  receptor  type  II-expressing 
fibroblasts,  make  it  prone  to  TGF-pl  fibrogenic  activity  and 
can  account,  in  part,  for  the  development  of  HTS  formation. 

13.  Cell  surface  antigen,  Thy-1,  has  been  reported  to  mediate 
differentiation  of  fibroblasts  to  myofibroblasts  by  TGF-pi  and 
fibroblasts  that  are  Thy-1  negative  are  more  responsive  to 
TGF-p  fibrogenic  stimulation  [10-12].  Two  distinct  Thy-1- 
positive  (a  and  b)  and  Thy-1 -negative  (c  and  d)  cultured  fibro- 
blasts from  the  superficial  layer  of  dermis  are  shown  in  Fig.  6A. 
Control  immunostaining  resulted  in  no  immunoreactivity 
(Fig.  6B).  As  verified  by  flow  cytometry,  L5  fibroblasts  showed 
lower  Thy-1  expression  when  compared  to  LI  fibroblasts 
(Fig.  6C).  As  well,  immunofluorescence  staining  demonstrated 
that  compared  to  superficial  dermal  fibroblasts  from  LI,  the 
number  of  fibroblasts  from  the  deep  dermis  (L5)  that  show 
Thy-1  immunoreactivity  was  notably  lower  (Fig.  6D-F).  As 
such,  Thy-1  is  strongly  expressed  by  superficial  dermal  fibro- 
blasts whereas  fibroblasts  from  deeper  areas  weakly  express 
or  lack  expression  of  Thy-1.  Therefore,  development  of  HTS 
in  the  deep  skin  wounds  could  be  associated  with  differences  in 
the  expression  of  Thy-1  by  these  two  phenotypically  different 
fibroblasts  to  produce  excess  collagen  under  the  influence 
ofTGF-pi. 

14.  Fibrocytes  are  circulating  mesenchymal  progenitor  cells  that 
are  implicated  in  tissue  response  to  injury,  development  of 
diseases  characterized  by  chronic  inflammation,  excessive 
collagen  deposition,  and  scar  formation  [29].  The  inference  of 


226 


Dariush  Honardoust  et  al. 


Fig.  5  Expression  of  TGF-pR1 1  receptor  type  II  in  cultured  dermal  fibroblasts. 
Representative  images  immunostained  for  TGF-p  receptor  type  II  in  green  in  L1 
and  L5  cultured  fibroblasts  (a  and  b).  Arrows  point  to  TGF-p  receptor  type  II  stain- 
ing at  the  cell  surface.  Blue  indicates  DAPI  staining  for  nucleus.  Relative  staining 
intensity  of  TGF-pR1 1  receptor  type  II  in  L1  and  L5  cultured  fibroblasts  (c).  Relative 
protein  expression  of  TGF-pR11  receptor  type  II  measured  from  immunoblotting 
band  intensity  in  L1  and  L5  cultured  fibroblasts  (d).  Relative  mRNA  expression 
of  TGF-p  receptor  type  II  in  L1  and  L5  cultured  fibroblasts  (e).  L1  layer  1  dermis, 
L5  layer  5  dermis,  Rll  receptor  type  II.  p-actin  indicates  loading  control.  *P<  0.05 


fibrocytes  as  a  bone  marrow  supply  of  originator  cells  that  per- 
suade severe  fibrosis  mediated  by  TGF-p  has  been  progres- 
sively more  recognized  as  a  general  pathway  essential  in  the 
HTS  formation.  Fibrocytes  appear  to  be  able  to  move  to 
regional  lymph  nodes  and  wounds.  Taken  together,  fibrocytes 
may  play  a  role  in  the  development  of  HTS  [30,  31]. 

15.  There  is  a  difference  in  the  population  of  fibrocytes  between  the 
superficial  and  deep  scratch  wound  scars.  Double  immunofluo- 
rescence staining  using  known  markers  for  fibrocytes,  LSP-1, 
and  procollagen  indicated  that  in  DWS  the  number  of  cells 
that  showed  co-localization  of  LSP-1  and  procollagen  was 
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Fig.  6  Thy-1  expression  in  cultured  dermal  fibroblasts.  Dermal  fibroblasts  stained  positively  forThy-1  in  green 
(Aa,  Ab).  Thy-1 -negative  dermal  fibroblasts  (Ac,  Ad).  Blue  indicates  DAPI  staining  for  nucleus.  Control  immu- 
nostaining  performed  by  omitting  primary  antibody  incubation  step  (B).  Flow  cytometry  analysis  showing 
higher  fluorescence  intensity  forThy-1  staining  in  L1  fibroblasts  (C).  Representative  images  immunostained 
forThy-1  in  L1  and  L5  cultured  fibroblasts,  respectively  (D,  E).  Measurement  and  statistical  analysis  of  Thy-1 
immunoreactivity  in  L1  and  L5  dermal  fibroblasts  (F).  Green  and  red  in  (C)  and  (F)  indicate  L1  and  L5  fibro- 
blasts, respectively.  20  urn:  Scale  bar  for  (A)  and  (B).  50  urn:  Scale  bar  for  (D)  and  (E).  L1  layer  1  dermis,  L5 
layer  5  dermis.  *P<0.05.  **P<  0.001 


considerably  higher  (Fig.  7d— f,  g)  compared  to  SWS  (Fig.  7a-c, 
g)  suggesting  that  fibrocytes  may  contribute  to  the  develop- 
ment of  HTS.  Therefore,  an  increased  number  of  fibrocytes  in 
the  DWS  that  showed  the  characteristics  of  HTS  in  our  wound 
scratch  model  suggests  a  role  for  fibrocytes  in  promoting  HTS 
following  deep  dermal  injury. 

16.  Taken  together,  the  findings  in  the  present  study  suggest  that 
transplantation  of  Thy-1  +  fibroblasts  to  the  site  of  injury, 
treatment  of  wounds  with  TGF-P3,  and/or  targeted  local 
overexpression  of  SLRPs,  decorin  or  fibromodulin,  during 
wound  healing  may  be  useful  to  ameliorate  HTS  formation  or 
tissue  fibrosis.  Therefore,  deep  dermal  injury  can  be  directed 
to  mimic  superficial  sldn  wound  healing  to  regenerate  without 
hypertrophic  scarring.  Further  functional  studies  to  elucidate 
the  role  of  these  anti-fibrotic  molecules  are  warranted. 

17.  All  human  abdominal  tissue  samples  were  collected  from 
female  patients  following  informed  consent. 
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Fig.  7  Fibrocyte  population  in  superficial  and  deep  wound  scar  tissue.  Comparison  of  fibrocyte  population  in 
superficial  and  deep  wound  scar  tissue  per  unit  field  by  double-immunofluorescence  staining  using  antibodies 
against  fibrocyte  markers  leukocyte-specific  gene-1  protein  (LSP-1)  and  procollagen.  Superficial  wound  scar 
(SWS)  (a-c).  Deep  wound  scar  (DWS)  (d-f).  Semiquantitative  analysis  of  fibrocyte  population  in  SWS  and  DWS 
by  two  separate  individuals  yielded  similar  results  (g).  Yellow  in  (c)  and  (f)  indicates  co-localization  of  LSP-1 
and  procollagen 


18.  All  steps  should  be  completed  in  a  fume  hood  using  strict  sterile 
technique  and  with  full  personal  protective  equipment  including 
a  sterile  gown,  cap,  sterile  gloves,  mask,  and  eye  protection. 

19.  This  is  best  achieved  by  placing  the  template  over  the  har- 
vested graft  and  cutting  around  it  using  a  rolling  motion  with 
the  belly  of  the  scalpel.  Take  care  to  avoid  harvesting  skin  con- 
taining striae  and  other  skin  abnormalities. 

20.  All  animal  experiments  were  performed  using  protocols 
approved  by  the  University  of  Alberta  Animal  Care  and  Use 
Committee  and  in  accordance  with  the  standards  of  the  Canadian 
Council  on  Animal  Care. 

21.  Animals  were  housed  and  experiments  were  carried  out  in  a 
virus  antibody-free  biocontainment  facility.  Animals  were 
conditioned  for  two  weeks  prior  to  grafting. 

22.  Animals  are  housed  individually  from  the  time  of  grafting  until 
they  are  euthanized.  In  our  experience  a  minimum  of  five  animals 
is  needed  per  time  point  of  interest. 

23.  Wait  for  30-60  s  after  the  animal  is  paralyzed  and  the  respiration 
rate  has  decreased  before  transferring  it  from  the  induction 
chamber  to  the  nose  cone. 

24.  In  removing  the  skin  from  the  mouse  for  the  creation  of  the 
excisional  wound  for  grafting,  take  care  to  leave  the  underlying 
panniculus  carnosus  layer  intact. 
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25.  The  four  corners  of  the  graft  should  be  anchored  first,  followed 
by  two  additional  sutures  in  between  each  corner  stitch.  Ensure 
that  one  tail  of  each  of  the  four  medial  and  four  lateral  sutures  is 
left  long  to  facilitate  tying  of  the  tie-over-bolus  dressing. 

26.  In  our  experience  at  least  five  animals  should  be  autografted 
witii  full-thickness  nude  mouse  skin  in  order  to  provide  suitable, 
negative  controls  representative  of  the  normal  morphologic 
and  histologic  changes  that  occur  in  uncomplicated  wound 
healing. 

27.  The  tails  of  the  four  medial  and  four  lateral  sutures  should  be 
tied  to  one  another  in  the  midline  using  a  needle  driver  and 
non-toothed  forceps.  It  is  important  to  tie  together  the  tails 
that  are  immediately  across  from  one  another,  thereby  creating 
four  horizontal  tie-over-bolus  sutures. 

28.  Animals  should  awaken  within  approximately  3  min  of  being 
removed  from  the  nosecone  anesthetic.  A  return  to  normal 
feeding  and  grooming  behavior  can  be  expected  within 
10-15  min. 

29.  Our  recommendation  is  to  initially  graft  1-2  animals  when  first 
attempting  this  experimental  protocol.  Following  this  it  is  not 
unreasonable  to  graft  5-10  animals  in  one  sitting. 

30.  Pre -labeling  cassettes  with  pencil  is  preferred  to  avoid  running 
and  smudging  of  labels  that  occur  with  handling  after  immersion 
in  Zinc  Formal  Fixx™. 

31.  Pre -filling  of  embedding  molds  allows  tissue  samples  to  be 
sandwiched  between  cryomatrix,  which  facilitates  cutting  of 
OCT  slides. 

32.  Cut  scar  biopsy  samples  into  ~2  mm  vertical  strips  such  that 
the  scar  biopsy  is  flanked  in  the  center  by  normal  skin. 

33.  Carefully  roll  the  thin,  vertical  strip  of  tissue  onto  the  foam  pad 
such  that  it  is  completely  flat  inside  the  tissue  cassette. 

34.  Remove  prefilled  embedding  molds  containing  cryomatrix 
from  the  freezer  ~5  min  prior  to  embedding  samples  to  allow  for 
some  thawing  of  cryomatrix  and  ease  of  proper  tissue  orienta- 
tion and  placement  within  the  mold. 
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Chapter  12 


Study  of  the  Human  Chronic  Wound  Tissue:  Addressing 
Logistic  Barriers  and  Productive  Use  of  Laser  Capture 
Microdissection 

Sashwati  Roy  and  Chandan  K.  Sen 
Abstract 

Direct  procurement  of  tissue  samples  from  clinically  presented  chronic  human  wounds  is  a  powerful 
approach  to  understand  mechanism  at  play  in  an  actual  problem  wound.  While  such  approach  suffers  from 
limitations  related  to  lack  of  reproducible  conditions  across  wounds,  something  that  we  are  used  to  in  the 
laboratory  while  studying  wounds  on  experimental  animals,  the  direct  study  of  human  wound  tissue  helps 
recognize  the  right  questions  to  ask  in  the  laboratory.  Going  back  and  forth  between  human  wound  and 
experimental  animal  studies  helps  steer  studies  on  experimental  wounds  in  a  clinically  relevant  direction.  In 
this  chapter,  we  describe  critical  factors  that  need  to  be  considered  prior  to  planning  a  study  involving 
human  wound  samples.  In  addition,  we  describe  an  approach  to  capture  wound  hyperproliferative  epithe- 
lium (HE)  from  chronic  human  wound  biopsies  using  laser  capture  microdissection  (LCM).  LCM  is  a  new 
technology  applicable  to  a  broad  range  of  clinical  research  and  represents  a  catalyst  of  sophisticated  trans- 
lational  research. 

Key  words  Chronic  human  wounds,  Hyperproliferative  epithelium,  Laser  capture  microdissection 


1  Introduction 

Wound  healing  studies  designed  to  address  mechanisms  or  causal- 
ity, specifically  at  a  molecular  level,  lag  far  behind  other  medical 
conditions  because  even  the  most  sophisticated  animal  wound 
model  fails  to  capture  the  complexities  associated  with  a  clinically 
presented  chronic  wound.  It  is  indeed  difficult  to  control  for  the 
multitude  of  conditions  that  impact  clinical  wound  healing  out- 
comes. On  the  odier  hand,  studies  on  experimental  wounds  are 
empowered  to  dissect  underlying  mechanisms  in  a  well-controlled 
manner.  The  risk  here  is  that  one  may  deconvolute  a  complex 
mechanism  only  to  discover  that  the  mechanism  is  of  little  clinical 
relevance.  Thus,  it  is  imperative  that  the  direction  of  experimental 
studies  be  supervised  by  findings  of  studies  examining  the  clinically 
presented  chronic  human  wound.  This  strategy  should  help  unveil 
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mechanisms  underlying  wound  chronicity  and  those  findings  would 
be  clinically  relevant,  therefore  laying  the  foundation  for  clinically 
valuable  solutions.  In  this  chapter,  we  share  the  essence  of  what  we 
have  learnt  as  experimental  wound  biologists  as  we  sought  to 
undertake  studies  of  the  chronic  human  tissue.  We  hope  that  you 
will  find  this  chapter  useful  to  recognize  and  address  some  of  the 
logistic  as  well  as  scientific  barriers  that  are  integral  to  the  system. 

/./    Infrastructure          Availability  of  appropriate  infrastructure  is  critical  to  the  success  of 
wound  research  studies  involving  chronic  wound  patients. 

1.1.1  Wound  Center:  Continuous  access  to  chronic  wound  patients  (as  they  visit  over 
A  Catalyst  time)  and  their  comprehensive  medical  records  (etiology,  comor- 
bidity, medication,  outcome,  etc.)  represents  a  critical  barrier  to 
performing  patient-based  wound  healing  research.  At  most  health 
care  facilities,  wound  care  is  not  recognized  as  a  specialized  clinical 
discipline.  In  such  setting,  wound  patients  are  treated  across  a  wide 
range  of  clinics  malting  tracking  of  such  patients  very  difficult.  Few 
medical  centers,  including  ours,  are  fortunate  to  have  a 
Comprehensive  Wound  Center  that  covers  both  outpatient  as  well 
as  inpatient  services.  This  not  only  helps  us  access  chronic  wound 
patients  but  also  enables  us  to  track  them  as  they  are  discharged 
from  inpatient  facilities. 

1.1.2  Multicenter  Studies      Multicenter  collaborations  are  useful  in  boosting  the  volume  of 

patient  enrollment.  Lack  of  standardized  wound  care  protocols 
among  participating  centers  may  lead  to  variation  in  data  and  sam- 
ple collection,  thus  confounding  results.  Adoption  of  standardized 
protocols  for  routine  wound  care  in  participating  centers  is  another 
key  catalyst  that  drives  patient-based  wound  research.  At  Ohio 
State,  we  are  fortunate  to  have  wound  centers  at  five  different  loca- 
tions in  Columbus  under  the  banner  of  our  Comprehensive  Wound 
Center.  These  clinics  care  for  over  1,500  patient  visits  a  month. 
Wound  care  practices  across  these  locations  are  guided  by  stan- 
dardized algorithms. 

1.1.3  Personnel  Training      As  in  most  clinics,  abrupt  introduction  of  research  into  clinical 

operations  is  disruptive  and  alienates  the  clinical  staff.  The  first 
steps  in  successful  introduction  of  the  research  culture  to  a  high- 
volume  clinic  is  to  make  sure  that  the  entire  team  of  clinical  staff 
understands  that  research  and  education  are  integral  components 
of  clinical  care.  This  process  requires  extra  effort  of  already  over- 
burdened clinicians  and  thus  must  be  appropriately  incentivized. 
Next,  personnel  directed  at  clinical  operations  should  not  be  addi- 
tionally burdened  with  research  tasks.  Separate  full-time  effort 
must  be  budgeted  and  the  clinics  must  be  staffed  with  clinicians 
dedicated  to  the  research  mission.  Such  research  staff  must  be 
trained  to  observe  regulatory  and  compliance  requirements. 
Topics  to  be  addressed  include  the  informed  consent  process, 
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confidentiality,  identifying  and  managing  risks,  protocol  development, 
protocol  adherence,  and  ethical  conduct  of  research  as  approved  by 
the  IRB.  Standardized  DVD-based  training  is  desirable.  Appropriate 
oversight  of  such  staff  by  designated  principal  investigator(s)  is 
required.  Furthermore,  within  the  perimeters  of  the  clinic,  dedicated 
research  space  must  be  identified  and  made  available  for  patient  han- 
dling and  sample  collection.  To  keep  the  clinical  team  motivated,  it  is 
useful  to  add  a  research  agenda  item  on  each  and  every  clinical  opera- 
tion meeting.  This  is  a  good  venue  to  update  the  group  on  research 
progress  and  also  to  recognize  the  most  productive  clinicians  who 
have  helped  recruit  most  subjects.  This  is  also  a  good  opportunity  to 
find  out  which  clinicians  may  want  to  voluntarily  elevate  their  contri- 
bution to  research  to  a  point  where  they  want  coauthorship  of  publi- 
cations. A  few  such  cases  soon  get  viral  and  become  a  big  motivation 
factor  for  other  clinicians — many  of  whom  soon  join  in.  Such  trans- 
formation of  culture  in  the  clinics  is  a  critical  driver  of  effective 
research.  Above  all,  it  needs  to  be  recognized  that  such  change  in 
work  culture  cannot  be  drilled  bottom-up  by  passionate  researchers 
who  know  a  clinician  or  two  at  the  wound  clinic.  Such  transforma- 
tion must  be  initiated  with  the  complete  buy  in  of  top  hospital  leader- 
ship who  need  to  be  convinced  to  integrate  clinical  and  research 
productivity  as  parts  of  one  score  card. 

1.1.4  Institutional  Review  The  design,  conduct,  and  monitoring  of  a  research  activity  involv- 
Board(IRB)  ing  human  subjects  is  the  responsibility  of  the  principal  investiga- 

tor (PI)  who  provides  a  complete  written  description  of  the 
proposed  research  to  an  IRB  and  obtains  appropriate  approvals  to 
conduct  such  research.  No  activity  involving  human  subjects  may 
begin  until  it  has  been  reviewed  and  approved  by  an  IRB.  The  pri- 
mary responsibility  ofTRBs  is  to  safeguard  the  rights  and  welfare  of 
human  research  subjects.  Therefore,  a  PI  must  provide  enough 
information  for  the  IRB  to  determine  that  human  subjects  will  be 
adequately  protected  and  that  the  research  will  be  conducted  in 
full  compliance  with  federal  regulations  and  policies  in  order  to 
approve  a  research  activity  involving  human  subjects.  For  specific 
details  on  IRB  approval,  please  consult  your  own  institution. 
Typically,  the  following  sections  need  to  be  addressed: 

1.  Introduction 

2.  Objectives 

3.  Study  design  and  methods 

4.  Inclusion  and  exclusion  criteria 

5.  Monitoring  subjects  and  criteria  for  withdrawal  of  subjects 
from  the  study 

6.  Analysis  of  the  study 

7.  Human  subject  protections 

8.  Rationale  for  subject  selection  and  procedures  for  recruitment 
(include  a  targeted/planned  enrollment  table) 
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9.  Rationale  for  the  involvement  of  special  classes  of  subjects,  if 
any,  such  as  fetuses,  pregnant  women,  children,  cognitively 
impaired  individuals,  prisoners  or  other  institutionalized  indi- 
viduals, or  others  who  are  likely  to  be  vulnerable 

10.  Evaluation  of  benefits  and  risks/discomforts 

1 1 .  Adverse  event  reporting  and  data  monitoring 

12.  Collection  and  storage  of  human  specimens  or  data 

13.  Remuneration/compensation 

14.  Consent  and  assent  processes  and  documents 

15.  References 

Note.  If  the  protocol  involves  subject  enrollment  at  multiple  sites, 
describe  plans  for  ensuring  appropriate  IRB  review  and  approval  at 
each  site. 


1. 1.5  Clinical-Basic 
Science  Researcher 
Partnership 


Obtaining  tissue  from  human  subjects  with  chronic  wounds 
requires  participation  of  not  only  physicians  but  also  all  clinical 
staff.  It  is  therefore  important  to  create  and  maintain  a  culture  at 
the  wound  clinics/centers  that  supports  research  by  (a)  keeping 
an  ongoing  dialogue  between  research  staff  and  all  clinical  staff 
on  research-related  logistics  as  well  as  findings;  (b)  minimizing 
disruption  of  clinical  work  flow  because  of  research  activity; 
(c)  incentivizing  (e.g.,  academic  credits  or  monetary  reimburse- 
ment) physicians  to  participate  in  research;  and  (d)  developing  a 
scorecard  to  monitor  the  impact  of  research  on  overall  clinical 
revenues. 


7.7.6   Wound  Data  The  high  degree  of  variability  in  clinical  conditions  among 

Collection  Tools  chronic  wound  patients  means  that  a  large  number  of  subjects 

must  be  screened  and  stratified  based  on  their  medical  history  to 
identify  comparable  cohorts  of  patients  suitable  for  productive 
data  analyses.  An  integrated  data  management  platform  that  can 
access  and  intelligently  mine  electronic  medical  records  as  well  as 
research  data  records  is  of  extraordinary  value.  It  is  recommended 
that  local  bioinformatics  expertise  be  engaged  to  provide  support 
in  this  regard. 

Biopsies  collected  from  human  cutaneous  wounds  presented  in  the 
clinic  are  highly  heterogeneous  in  cellular  composition.  The  small 
sample  volume  poses  additional  challenges  in  detailed  molecular 
analyses.  The  composition  of  the  tissue  may  vary  from  one  collection 
to  another  complicating  comparison  of  results  derived  from  tissue 
homogenates.  Thus,  the  utility  of  such  tissue  material  is  primarily 
limited  to  histological  studies.  Laser  capture  microdissection  (LCM) 
is  a  powerful  technique  to  collect  specific  single-cell  or  multicellular 
structures  from  within  the  tissue  section.  These  tiny  tissue  samples 
lend  themselves  to  subsequent  molecular  analyses  [1].  In  2007, 


1.2  Laser  Capture 
Microdissection: 
Spatially  Resolved 
Molecular  Analyses 
of  the  Wound  Tissue 
Section 
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we  reported  the  first  evidence  demonstrating  LCM- based  microdis- 
section of  blood  vessels  from  human  wound  tissue  sections  [2].  The 
collected  tissue  elements  were  subjected  to  high-density  microarray 
analysis  and  quantitative  PCR-based  validation  of  microarray  data. 
Residual  tissue  in  the  single  biopsy  was  used  to  perform  immunohis- 
tochemistry  aimed  at  validating  microarray  data.  All  of  the  above - 
said  analyses  were  performed  using  no  more  than  a  single  3  mm 
punch  biopsy  from  the  chronic  wound  tissue.  Comparison  of  results 
from  blood  vessels  at  the  edge  of  chronic  wound  tissue  with  those  of 
vessels  from  intact  human  skin  demonstrated  a  striking  contrast 
between  the  transcriptome  of  vessels  collected  from  the  two  differ- 
ent locations  [2].  LCM  is  applicable  to  a  broad  range  of  clinical 
research  and  represents  a  catalyst  of  sophisticated  translational 
research.  Here,  we  detail  the  approach  to  capture  wound  hyperpro- 
liferative  epithelium  (HE)  from  chronic  human  wound  biopsies. 


2  Materials 


2.1   Chronic  Wound 
Tissue  Biopsy 
Collection 


2.2  Cryosectioning 


2.3  Rapid  Staining: 
Visualize  Tissue 
Architecture  Yet 
Preserve  RNA  Integrity 


2.4  Laser  Capture 
Microdissection  (LCM) 
or  Laser 

Microdissection  and 
Pressure 

Catapulting  (LMPC) 


1.  3  mm  Biopsy  tool. 

2.  Optimum  cutting  temperature  (OCT)  compound. 

3.  Aluminum  foil. 

4.  Dry  ice. 

5.  Cryo-molds. 

6.  Styrofoam  box  to  store  dry  ice  (see  Notes  1-4). 

1.  PEN  membrane  slides. 

2.  RNA  Zap®. 

3.  Diethyl  pyrocarbonate  (DEPC)-treated  water. 

Truncated  hematoxylin  and  eosin  staining  [3-5]. 

1.  Hematoxylin  QS. 

2.  Eosin  Y,  2  %  in  95  %  ethanol. 

3.  RNALater®. 

4.  Nuclease-free  water,  molecular  biology-grade  ethanol  and 
xylene. 

5.  Mini-stainer  jars. 

1.  PALM  MicroBeam  rV  (Manufacturer:  P.A.L.M.  Microlaser 
Technologies  GmbH,  a  company  of  the  Carl  Zeiss  Group, 
Bernried,  Germany). 

2.  Stained  tissue  sections  on  a  PEN  membrane  slide  (see  sections 
for  preparing  stained  tissues  for  LCM). 
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2.5  RNA  Isolation 
[2, 4-6]  (Fig.  4) 


2.6  Reverse 
Transcription  and 
Quantitative  Real-Time 
PCR[2,4-6] 


1.  PicoPure  RNA  Isolation  Kit. 

2.  NanoDrop  system. 

3.  Agilent  bioanalyzer. 

1.  Arcturus®  RiboAmp®  HS  PLUS  cDNA  Kit. 

2.  TaqMan®  Gene  Expression  Assays. 


3  Methods 


3.1   Preparing  the 
Wounds  for  Sampling 


3.1.1  Collection 
Procedure 

3.2  Sample  Storage 
and  Transport 


3.3  Embedding 
of  Sample  in  OCT 
Compound 


3.4  Cryosectioning 


There  is  a  lack  of  consensus  on  the  correct  way  to  prepare  and 
sample  a  wound.  We  collect  biopsies  following  routine  marginal 
debridement  of  the  wounds  to  avoid  collection  of  dead  necrotic 
tissue.  Prior  to  biopsy  collection,  the  wound  bed  is  prepared  with 
local  antiseptics.  Local  anesthetics  are  administered  according  to 
patient  needs.  If  the  effects  of  specific  anesthetics  are  being  tested, 
it  is  necessary  to  avoid  the  use  of  local  anesthetics. 

Wound-edge  tissue  specimen  is  collected  as  3  mm  biopsy  from  the 
boundary  (1  cm)  between  skin  and  open  wound. 

Samples  are  immediately  rinsed  with  ice-cold  saline,  patted  dry  on 
Kimwipe®,  then  placed  in  collection  vial  containing  appropriate 
collection  medium  (e.g.,  OCT  for  cryosectioning),  and  snap  fro- 
zen in  liquid  nitrogen  as  appropriate.  The  samples  can  be  trans- 
ported from  clinic  to  laboratory  in  properly  secured  biohazard-safe 
containers  under  appropriate  temperature  conditions  (e.g.,  in  por- 
table liquid  nitrogen  tanks).  Shipments  of  any  biological  materials 
are  regulated  by  the  US  Department  of  Transportation  (DOT) 
and  the  International  Air  Transport  Association  ( IATA) .  Additional 
regulations  may  apply  while  shipping  of  wound  samples  in  dry  ice. 

Place  dry  ice  in  a  thick-walled  Styrofoam  box.  Place  a  cryo-mold 
on  the  dry-ice  block.  Add  OCT  compound  to  the  cryo-mold. 
Place  the  biopsy  in  appropriate  orientation  to  obtain  cross  section 
of  the  wound  tissue.  Add  more  OCT  to  cover  the  tissue.  Let  the 
OCT  solidify  on  dry  ice.  Once  solidified,  the  cryo-mold  containing 
embedded  tissue  biopsies  can  be  stored  in  liquid  nitrogen  vapor. 

1.  Mark  side  (non-glossy)  of  the  slide  that  contains  the  mem- 
brane with  pencil. 

2.  Place  slide  on  clean  paper  towel. 

3.  Dip  the  membrane  slide  into  RNA  Zap®  ten  times. 

4.  Dip  the  membrane  slide  into  DEPC  water  lOx. 


5 
6 
7 


3.5  Rapid  Staining:  1 
Visualize  Tissue 
Architecture  Yet 

Preserve  RNA  Integrity 

2 
3 

4 

5 
6 

7 

8 
9 
10 

3.6  Laser  Capture  1 
Microdissection  or 

Laser  Microdissection 
and  Pressure 
Catapulting 

2 


3 
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Repeat  with  fresh  DEPC  water. 

Flick  the  slide  to  remove  excess  water  and  let  slide  dry. 

Take  out  the  OCT-embedded  tissue  block  and  mount  on  a  cut- 
ting chuck.  Perform  sectioning  using  standard  cryosectioning 
equipment.  We  routinely  use  10  um  thick  sections  for  LCM 
captures  of  hyperproliferative  epithelium  from  wound  tissues. 

Thaw  and  dry  frozen  slides  by  placing  them  in  a  box  contain- 
ing silica  gel  for  5  min.  This  should  be  performed  in  a  biosafety 
cabinet  to  minimize  contamination.  Do  not  allow  the  silica  gel 
to  come  into  direct  contact  with  the  sections. 

Add  RNALater®  to  cover  the  sections  and  incubate  for  4  min. 

Add  a  drop  of  hematoxylin  QS  on  the  section  and  incubate 
for  30  s. 

Wash  the  slide  in  DEPC  water  by  gently  dipping  the  slide  up 
and  down  five  times. 

Repeat  wash  with  fresh  DEPC  water. 

( Optional  step):  Add  a  drop  of  2  %  eosin  Y  in  95  %  EtOH  to  the 
sections  and  incubate  for  30  s. 

Wash  in  95  %  EtOH  by  gently  dipping  the  slide  up  and  down; 
then  let  the  slide  sit  in  fresh  95  %  EtOH  for  a  period  of  1  min. 

Place  the  slide  in  100  %  EtOH  for  1  min. 

Place  the  slide  in  xylene  for  1  min. 

Shake  off  xylene  and  let  the  slide  dry  in  the  hood  by  placing  it 
in  a  box  containing  silica  gel  for  2  min  {see  Notes  5-7). 

The  PALM  MicroBeam  LMPC  system  consists  of  inverted 
microscope  with  a  motorized  stage  and  a  "cold"  nitrogen  UV 
laser  that  is  not  harsh  on  DNA/RNA  or  proteins.  For  cell  or 
tissue  element  capture,  the  laser  is  focused  onto  the  tissue  sec- 
tion by  adjustment  of  objectives.  The  laser  traverses  the  glass 
slide  from  below  and  cuts  the  section  from  beneath  (Fig.  1). 

The  microscope  stage  and  UV  laser  are  controlled  by  a  PC 
(through  RoboSoftware™),  and  a  video  camera  allows  the  tis- 
sue sections  to  be  displayed  on  the  PC  screen.  Viewing  of  tis- 
sue is  possible  with  all  objectives. 

The  captured  tissue  element  is  collected  using  Robomover  Z, 
the  robotic  unit  of  PALM  MicroBeam  controlled  by 
RoboSoftware™  with  multipurpose  functions  (Fig.  2).  It  is  a 
collection  device  with  the  adaptors  for  the  versatile  capture 
vials  such  as  single  microfuge  caps,  multitude  of  micro fuge 
tubes,  multicap  strips,  or  plates.  Different  customized  holders 
allow  collection  of  samples  from  single  or  multiple  object 
slides,  LMPC-optimized  slides,  or  culture  dishes.  The 
Robomover  Z  can  process  up  to  three  slides  simultaneously. 
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Fig.  1  Major  components  of  the  PALM  MicroBeam  IV  system 


■  PUMtobo  Pro 


He  Edt  tt»  Motm  Lscr  Mwfintrts  Devices  Help 


Fig.  2  A  representative  screen  shot  of  RoboSoftware™  Pro  software  to  show  tissue  elements  marked  and 
ready  for  capture 
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4.  Principles  of  LMPC.  In  LMPC,  the  biological  material  is  placed 
on  a  glass  slide  covered  with  a  polyethylene  naphthalate  (PEN) 
membrane.  The  laser  beam  source  is  positioned  and  focused. 
A  tightly  focused  laser  beam  is  used  to  cut  the  PEN  membrane 
and  the  tissue  sample  on  it.  A  defocused  laser  beam  is  then  used 
to  "pressure  catapult"  the  cut  membrane  with  dissected  cells  of 
interest  into  a  sample  collector.  Thus,  cell  retrieval  is  accomplished 
by  LMPC  approach  against  gravity.  This  is  a  noncontact  method 
that  prevents  possible  contamination  by  surrounding  tissue  as 
opposed  to  technologies  that  rely  on  gravity-driven  "falling"  of 
the  dissected  tissue  element  into  the  sample  collector. 

5.  Mount  the  stained  tissue -containing  slide  on  the  slide  holder 
on  motorized  stage. 

6.  Load  appropriate  collection  vial  onto  the  Robomover.  The  col- 
lection vial  should  contain  some  collection  solution.  For  gene 
expression  studies,  RNA  extraction  lysis  buffer  is  appropriate. 

7.  Use  appropriate  objective  to  visualize  the  tissue  and  region  of 
interest  (ROI). 

8.  Mark  the  ROI  utilizing  the  pen  tool  feature  of  the 
Robosoftware™. 

9.  Activate  the  laser  to  cut  and  catapult  to  the  collection  vial. 

10.  Collect  images  before  and  after  the  captures  as  well  as  of  the 
collected  tissue  in  vial  (Fig.  3). 

1 1 .  The  laser  focus,  laser  energy,  and  speed  of  cutting  need  to  be 
optimized  for  specific  type  of  tissues  to  obtain  efficient  tissue 
cutting  and  catapulting. 
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biopsy  collection  from  human  chronic  wounds 

4 

sample  storage,  sectioning  &  staining 
i 

LCM/LMPC  of  wound  hyperproliferative  epithelium  (HE) 
I 

RNA  extraction  &  RNA  QC 
I 

quantitative  PCR  for  gene  expression 

Fig.  4  Workflow  of  gene  expression  analysis  from  LCM-captured  human  wound  HE 
{see  Notes  8  and  9) 

1.  Tissue  elements  are  cut  and  captured  in  LCM  collection  vial 
containing  RNA  extraction  buffer. 

2.  Perform  total  RNA  isolation  from  captured  tissue  elements 
using  a  small  sample  RNA  extraction  kit,  for  example  Picopure 
RNA  isolation  ldt,  following  the  manufacturer's  instructions. 

3.  After  isolation,  the  RNA  quantity  (Nanodrop)  and  quality 
(Bioanalyzer)  are  measured  to  determine  the  quantity  as  well  as  to 
ensure  the  integrity  of  the  RNA.  An  RNA  integrity  number  (RIN, 
1  is  worst  quality  vs.  10  is  the  best)  above  5  is  considered  as  accept- 
able RIN  to  proceed  with  gene  expression  analysis  studies  (see 
Note  10). 


3.7  RNA  Isolation 
[2, 4-6]  (Fig.  4) 


3.8  Reverse 
Transcription  and 
Quantitative  Real-Time 
PCR  [2, 4-6] 


1.  The  ARCTURUS®  RiboAmp®  HS  PLUS  cDNA  Kit  permits 
quantitative  real-time  PCR  (qRT-PCR)-based  gene  expression 
analysis  from  small  (as  little  as  100  pg)  LCM  captured  of  total 
RNA. 

2.  Perform  reactions  using  instructions  included  with  the  ldt. 

3.  The  cDNA  ready  from  reaction  above  can  be  used  directly  for 
qRT-PCR  assay. 

4.  TaqMan®  Gene  Expression  Assays  are  specifically  designed  to 
determine  gene  expression  via  qRT-PCR.  The  ldt  comes  with 
detailed  instructions  to  perform  the  assays. 


4  Notes 

1.  It  is  essential  to  maintain  the  sample  temperature  below  -20  °C 
during  the  entire  sectioning  process. 

2.  Before  collection,  the  freshly  cut  section  should  be  left  for 
5  min  in  cryosectioning  equipment  for  appropriate  cooling. 

3.  The  slides  containing  tissue  sections  should  be  kept  on  dry  ice 
immediately  after  they  come  out  of  cryosectioning  equipment. 

4.  To  get  best  results,  cryosection  no  earlier  than  an  hour  before 
LCM. 
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5.  Use  molecular- grade  ethanol,  RNAse-free  solutions,  DEPC- 
treated  water,  and  fresh  xylene  during  staining. 

6.  Reduce  time  of  staining  as  much  as  possible  to  minimize  RNA 
degradation. 

7.  Avoid  storage  of  stained  tissue.  The  staining  should  be  per- 
formed immediately  before  LCM. 

8.  It  is  recommended  to  optimize  LCM  conditions  with  a  trial 
tissue  to  minimize  loss  of  time. 

9.  For  gene  expression  studies,  the  LCM  process  must  not  exceed 
30  min  to  secure  high-quality  RNA  integrity.  We  have  reported 
a  gradual  loss  in  RNA  stability  in  tissue  sections  as  a  function 
of  time  following  staining  [4]. 

10.  The  optimum  tissue  elements  for  gene  expression  studies  vary 
with  type  of  tissues.  In  general,  0.1-1  million  square  micron 
tissue  elements  provide  sufficient  quantity  of  RNA  to  perform 
gene  expression  studies. 
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Chapter  13 


The  Wound  Watch:  An  Objective  Staging  System 
for  Wounds  in  the  Diabetic  (db/db)  Mouse  Model 

G.  Pietramaggiori,  S.  Scherer,  and  D.R  Orgill 


Abstract 

As  in  cancer  biology,  in  wound  healing  there  is  a  need  for  objective  staging  systems  to  decide  for  the  best 
treatment  and  predictors  of  outcome.  We  developed  in  the  diabetic  (db/db)  wound  healing  model,  a  stag- 
ing system,  the  "wound  watch,"  based  on  the  quantification  of  angiogenesis  and  cell  proliferation  in  open 
wounds.  In  chronic  wounds,  there  is  often  a  lack  of  cellular  proliferation  and  angiogenesis  that  leads  to 
impaired  healing.  The  wound  watch  addresses  this  by  quantifying  the  proliferative  phase  of  wound  healing 
in  two  dimensions  (cellular  division  and  angiogenesis).  The  results  are  plotted  in  a  two-dimensional  graph 
to  monitor  the  course  of  healing  and  compare  the  response  to  different  treatments. 

Key  words  Wound  staging,  Angiogenesis,  Cell  proliferation,  Wound  healing,  Diabetic  (db/db) 
mouse  model,  ki-67,  CD31 


1  Introduction 

One  of  the  biggest  limitations  in  the  study  and  development  of 
wound  treatments  is  the  lack  of  reliable  models  to  quantify  objec- 
tively the  course  of  healing.  Our  wound  healing  staging  system, 
developed  to  parallel  wound  healing  and  tumor  biology,  is  based 
on  the  quantification  of  neovascularization  and  stromal  cell  prolif- 
eration in  experimental  diabetic  (db/db)  wounds  [1].  The  diabetic 
mouse,  with  its  impaired  angiogenesis  and  wound  healing  [2],  and 
decreased  production  of  growth  factors  [3,  4],  serves  as  a  repro- 
ducible surrogate  for  the  study  of  the  course  of  healing  of  recalci- 
trant wounds.  Previous  experiments  have  shown  that  diabetic  mice 
have  delayed  wound  contraction  and  hair  regrowth,  allowing  for 
better  wound  dressing  and  closure  analysis  compared  to  wild-type 
mice  [5].  We  further  developed  the  methods,  which  allowed  for 
multiple  studies  on  topics  such  as  growth  factors  [6,  7],  platelets 
[8,  9],  cytokines  [10],  mechanical  forces,  and  the  VAC  [11].  For 
the  accurate  staging  of  healing  wounds,  we  selected  two  main 
markers  for  vascularization  (CD31)  and  cell  proliferation  (Ki-67), 
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CD31  Ki  67 


Fig.  1  Staining  examples  of  CD31  and  Ki67  for  the  wound  watch:  The  left  column  shows  CD31 ,  while  Ki-67  is 
in  the  right  column.  Each  row  corresponds  to  a  different  treatment.  In  the  box:  Control  wounds,  showing  low 
levels  of  angiogenesis  and  cell  proliferation  (set  to  1  in  the  plot).  The  quantification  of  the  results  is  plotted  in 
the  wound  watch  staging  system.  Results  are  reported  as  mean±SD.  Error  bar  50  urn 


which  are  plotted  together  in  the  wound  watch  plot.  This  chapter 
describes  the  entire  protocol  to  stage  wounds  using  the  wound 
watch  staging  system. 

While  the  wound  watch  is  used  to  stage  the  healing  of  a  skin 
defect,  the  response  to  different  treatments  can  be  also  evaluated. 
The  following  protocol  allows  for  the  high-quality  staining  condi- 
tion, required  in  order  to  proceed  with  the  quantification  steps 
(Fig.  1).  The  level  of  angiogenesis  and  cell  proliferation  in  control, 
non-treated  wounds  is  set  to  1  (Fig.  1).  In  this  model,  we  selected 
day  10  for  the  analysis,  corresponding  to  about  50  %  closure  in 
non-treated  wounds.  In  this  stage,  we  measured  the  largest  differ- 
ences between  experimental  treatments. 

Although  wound  closure  is  the  most  widely  accepted  outcome 
to  assess  the  effectiveness  of  a  therapy,  for  particular  wounds,  the 
desired  biological  effect  might  be  different.  For  example,  in  arterial 
wounds,  angiogenesis  might  be  preferred  to  cell  proliferation. 
VEGF  in  our  model  increased  vascularity  by  over  tenfold  while 
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barely  increasing  cell  proliferation  by  a  factor  of  2.2  (Fig.  1)  [12]. 
On  the  opposite  end  of  stimulation,  we  found  scaffolds  made  of 
polymers  (such  as  poly- N- Acetyl  glucosamine,  sNAG,  Fig.  1), 
which  allow  for  cell  attachment:  in  this  case  cell  proliferation 
reaches  a  5-fold  increase  when  compared  to  controls  and  2.7-fold 
when  compared  to  angiogenesis  [13]. 

Mechanical  forces,  such  as  the  vacuum-assisted  closure  device, 
when  tested  in  our  model,  showed  a  strong  increase  of  cell  prolif- 
eration, with  up  to  5.9-fold  increase  over  control  wounds  of 
Ki-67-positive  cells  (Fig.  1)  [11].  Another  commonly  used  strategy 
to  stimulate  wounds  is  fresh  platelet-rich  plasma  (100  ul  topically 
administered  dose  in  our  model),  which  increases  cell  proliferation 
by  a  factor  of  4  and  angiogenesis  by  a  factor  of  2.8  (Fig.  1)  [9]. 
Interestingly,  when  PRP  is  frozen  or  lyophilized  platelets  lose  some 
of  the  beneficial  effects,  with  only  a  1.7  increase  in  angiogenesis 
and  1.2  increase  in  cell  proliferation,  respectively  [9],  and  [6] 
(Fig.  1).  Interestingly,  certain  pathologic  states,  such  as  tumors, 
seem  to  stimulate  the  platelet  ability  to  induce  angiogenesis,  as 
PRP  derived  from  tumor-bearing  mice  stimulated  angiogenesis 
and  cell  proliferation  further  than  PRP  from  healthy  animals,  with 
4.1  increase  in  angiogenesis  and  4.5  in  cell  proliferation  [8] 
(Fig-  !)• 

In  conclusion,  the  wound  watch  staging  system  is  a  bi- 
dimensional  (angiogenesis  and  cell  proliferation)  wound  healing 
staging  system,  which  can  be  used  to  compare  the  effects  of  several 
experimental  treatments  at  the  same  time. 


2  Materials 

2.1  Mice 


2.2  Excisional 
Wounding 


Homozygous  genetically  diabetic  8-12-week-old  Lep/r — db/db  male 
mice  (strain  C57BL/KsJ-Leprdb)  are  used  under  an  approved  animal 
protocol  in  accredited  facility. 

1.  Anesthesia  solution:  Nembutal  60  mg/kg  (Pentobarbital). 

2.  EtOH  (70  %):  Disinfection  pads. 

3.  Single-use,  nontoxic,  non-pyrogenic  syringes  (3  ml). 

4.  Single-use,  nontoxic,  non-pyrogenic  needles  (0.5  x 25  mm). 

5.  Gauzes,  examination  gloves,  50  ml  conical  tubes. 

6.  Electric  razor. 

7.  Depilatory  cream. 

8.  Scissor  and  forceps. 

9.  Surgical  marker. 

10.  Benzoin  solution. 

11.  Tegaderm  dressing. 
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2.3   Immunohisto-  1.  Xylene. 

chemistry  2.  Alcohol  100  %. 


3.  dH20. 

4.  Dulbecco's  PBS. 

5.  H202. 

6.  Methanol. 

7.  Tris-H20  solution. 

8 .  Proteinase  K. 

9.  Citrate  solution. 

10.  TNB  solution. 

11.  CD  31  primary  antibody. 

12.  Ki67  primary  antibody. 

13.  CD  31  secondary  antibody. 

14.  Ki67  secondary  antibody. 

15.  Tween-20. 

16.  Strep tavidin-HRP. 

17.  Biotin. 

18.  DAB  chromogen. 

19.  Hematoxylin. 

20.  PapPen. 

21.  Object  slides. 

22.  Coverslips. 

23.  Slide  wet  chamber. 


3  Methods 


3.1  The  Diabetic 
Mouse  Model 


The  day  before  surgery,  hair  is  clipped  and  depilated.  On  the  day 
of  the  surgery,  animals  are  weighed  and  anesthetized  with  60  mg/ 
kg  Nembutal  (Pentobarbital,  freshly  prepared).  A  dorsal  1.0  cm2 
area  of  skin  and  panniculus  carnosus  is  excised  and  the  wounds  are 
photographed.  All  wounds  are  covered  with  a  semi-occlusive 
polyurethane  dressing.  On  postoperative  day  10,  the  animals  are 
euthanized  and  the  wounds  are  photographed,  excised,  and  fixed 
in  10  %  neutral-buffered  formalin  solution. 


3.2  Staining 
Instructions 


Day  1 

1.  Label  slides  with  a  lead  pencil  either  "Ki67"  or  "CD31." 

2.  Warm  slides  on  a  heat  plate  (for  at  least  30  min  to  1  h,  or  even 
overnight),  temp  between  50  and  60  °C  (never  >60  °C  to  pre- 
vent denaturation)  (see  Note  15). 
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3.  Remove  paraffin  using  two  washes  of  xylene  for  5  min  each. 

4.  Hydrate  slides  with  a  dehydration  alcohol  series,  diluting  dehy- 
dration alcohol  in  dH20.  100  %  (2  min),  95  %  (2  min),  85  % 
(1  min),  and  70  %  (1  min)  (seeNote  16). 

5.  Wash  the  slides  in  PBS  three  times  for  10  min  each. 

6.  Immerse  slides  in  30  %  H202  solution  (diluted  in  methanol), 
in  the  dark,  for  20  min — methanol  dilution:  25  ml  of  30  % 
H202  in  225  ml  methanol  (see  Note  17). 

7.  Wash  the  slides  in  PBS  three  times  for  5  min  each. 

8.  CD-31  (surface  antigen  retrieval). 

9.  Prepare  a  water  bath  at  37  °C  (see  Note  18). 

10.  Prepare  a  [0.2  M]  Tris-H20  solution. 

11.  Place  [0.2  M]  Tris-H20  solution  in  water  bath  to  equalize 
temperature  before  adding  proteinase  and  slides  (seeNote  19). 
Add  90  ul  of  Proteinase  K  for  every  50  ml  to  Tris-H20  solu- 
tion (see  Note  20),  and  place  the  slides  in  a  water  bath  for 
20  min. 

12.  Wash  them  in  PBS  three  times  for  5  min  each. 

13.  Ki67  (intracellular  antigen  retrieval). 

14.  Immerse  the  slides  in  citrate  (pH  =  6.  10  mM)  and  microwave 
slides  until  solution  begins  to  boil  (bre along  cell  membranes  to 
expose  antigen). 

15.  STOP  the  microwave,  and  allow  container  to  rest  for  5-6  min. 

16.  Microwave  the  slides  again  until  solution  begins  to  boil. 

17.  STOP  the  microwave,  and  allow  to  rest  until  solution  reaches 
room  temperature  for  at  least  20  min. 

18.  Wash  the  slides  in  PBS  three  times  for  5  min  each. 
Antigen  enhancing 

19.  Choose  1-2  sections  per  slide  to  stain.  Wipe  off  other 
sections. 

20.  Dry  the  area  around  desired  sections. 

21.  Draw  a  circle  around  the  remaining  sections  with  a  marker. 

22.  Add  100-150  ul  TNB  (allow  to  defrost  beforehand)  to  sec- 
tions and  leave  in  wet  chamber  for  30  min  at  room  tempera- 
ture (see  Note  21 ). 

23.  Shake  off  the  agent. 

24.  Replace  slides  in  wet  chamber,  and  pipette  the  primary  anti- 
body (1  ul:100  ul  in  TNB  for  CD31, 1:200  for  Ki67),  approxi- 
mately 70-80  ml  onto  each  section. 

25.  Leave  in  fridge  overnight  at  4  °C. 
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Day  2 

1.  Wash  in  PBS-Tween  three  times  for  5  min  each. 

2.  As  you  place  slides  in  wet  chamber,  pipette  secondary  antibody 
(60-70  ml)  onto  each  section,  and  then  leave  for  1  h  at  room 
temperature. 

3.  Biotinlated  secondary  antibody:  1  ^1  antibody:200  ^1  in  TNB. 

4.  Wash  in  PBS-Tween,  three  times  for  5  min  each. 

Signal  Amplification 

5 .  As  you  place  slides  in  wet  chamber,  pipette  streptavidin-HRP 
(60-70^1,  1  ^1:100  ^1  in  TNB)  onto  each  section,  and  then 
leave  for  30  min  at  room  temperature. 

6.  Wash  in  PBS-Tween,  three  times  for  5  min  each. 

7.  Replace  slides  in  wet  chamber.  Pipette  biotin  on  slides 
(1  ^1:50  \i\  in  amplification  diluent),  approximately  60-70  ml 
pipetted  onto  each  section  (see  Note  22). 

8.  After  4  min,  place  slides  in  PBS-Tween,  and  wash  three  times 
for  5  min  each. 

9.  Repeat  the  amplification  with  streptavidin-HRP:  As  you  place 
slides  in  wet  chamber,  pipette  streptavidin-HRP  (60-70  ml) 
onto  each  section,  and  then  leave  for  30  min  at  room 
temperature. 

10.  Wash  in  PBS-Tween,  three  times  for  5  min  each. 

Activation 

11.  Prepare  chromogen  agent:  Dissolve  V2  tablet  of  DAB  in 
5  ml  PBS. 

To  activate  chromogen,  add  1  \il  30  %  H202  per  1  ml  DAB/ 
PBS  solution.  Once  activated,  this  solution  is  only  good  for  a 
maximum  of  30  min  (see  Note  23). 

12.  Have  two  containers  of  dH20  ready. 

13.  Bring  slides  (in  PBS-Tween  chamber),  dH20  containers,  and 
activated  DAB  solution  to  light  microscope. 

14.  Place  slide  on  microscope  under  lOx  magnification. 

1 5 .  Activation  is  often  instantaneous :  Just  put  a  few  drops  ( approx- 
imately three  drops)  of  activated  DAB  solution  evenly  onto  the 
section,  look  under  microscope,  and  STOP  the  reaction  once 
the  positive-staining  structures  are  darkened  (brown)  by 
placing  slide  in  dH20  (see  Note  24). 

Counterstain 

16.  Fill  one  container  with  hematoxylin;  make  sure  that  there  is  no 
layer  of  film  on  top  (see  Note  25). 

17.  Fill  another  container  with  tap  water. 
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18.  Immerse  slides  in  hematoxylin  for  3  min. 

19.  Immerse  slides  in  water  for  a  few  seconds,  and  change  water 
immediately  at  least  one  time. 

20.  Leave  slides  in  the  container  with  constant  water  flow  (not  too 
strong)  until  water  runs  clear. 

21.  Fill  one  container  with  ammonium-H20  as  per  above 
instructions. 

22.  After  being  in  water,  dip  slides  in  ammonium- H20  ten  times. 

23.  Blue  with  properly  diluted  bluing  agent  for  1  min  (PBS). 

24.  Put  them  back  in  tap  water. 

Montage 

25.  Reverse  EtOH  cascade  =  Dehydrate  dehydration  alcohol  tissue 
with  70  %  (1  min),  85  %  (1  min),  100  %  (1  min),  and  100  % 
(3  min);  make  sure  that  slide-labeled  area  is  covered  with 
100  %.  There  should  be  no  H20  molecules  on  the  slide  or 
labels  of  the  slides. 

26.  Safe  Clear  or  xylene  to  remove  PapPen  two  times  for  5  min. 

27.  Coverslip  with  permanent  mount  and  let  sit  at  room  temp 
until  dry  (24  h). 

28.  To  remove  excess  glue  from  coverslip,  dip  slides  in  xylene  2-3 
times  and  allow  them  to  dry. 

3.3    Wound  Watch  Three  digital  images  of  PECAM-1-  and  Ki-67-stained  slides  are 

Staging  System  captured  for  each  wound  sample,  one  in  the  middle  and  two  on  the 

edges  of  the  wound  bed.  Pictures  are  viewed  with  Adobe  Photoshop 
CS  Software.  Blood  vessels  (CD-31  positive)  in  each  high-powered 
field  are  marked  and  counted.  Ki-67-positive  cells  are  expressed  as 
a  ratio  of  proliferating  nuclei  to  total  nuclei.  Ratios  were  calculated 
between  results  obtained  from  the  center  of  the  lesions  and  from 
the  edges  of  each  treatment  group  to  the  control  group  (fixed  to  1). 
Results  from  CD-31  are  plotted  in  the  a;- axis,  while  from  Ki-67  in 
the  y- axis.  Fifteen  samples  are  evaluated  at  40x  magnification  for 
each  experimental  treatment. 


4  Notes 

1 .  To  stain  paraffin-embedded  sections,  the  paraffin  material  must 
first  be  removed  and  then  the  sample  must  be  rehydrated. 
Rehydration  also  reactivates  enzymes  that  must  be  blocked 
with  H202. 

2.  Prior  fixation  with  formalin  causes  many  proteins  to  cross-link 
preventing  accessibility  to  surface  antigens.  These  antigens  are 
retrieved  using  a  protease.  When  trying  to  detect  an  internal 
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antigen,  the  cell  membrane  is  broken  by  microwaving  the  sam- 
ples in  a  basic  citrate  releasing  the  internal  antigen. 

3 .  In  order  for  the  primary  antibody  to  bind  only  to  the  antigen 
of  interest,  the  samples  are  treated  with  an  unspecific  protein- 
based  blocker  TNB  that  acts  like  a  blanket.  Now,  the  antigen 
of  interest  is  marked  with  its  specific  primary  antibody.  This 
antibody  is  a  highly  specific  "rat  anti-mouse  antibody"  made 
by  injecting  the  mouse  antigen  into  a  rat. 

4.  A  biotinylated  anti-rat  (mouse  adsorbed)  secondary  antibody  is 
then  added  (super-specific).  The  biotin  unspecifically  binds  to 
negatively  charged  molecules. 

5.  Strep tavidin-HRP  is  then  added  to  amplify  the  signal. 
Streptavidin  is  also  a  negatively  charged  molecule  which  binds 
to  biotin,  while  HRP  is  an  enzyme.  Further  amplification  is 
achieved  by  adding  biotin,  and  then  again  adding  S-HRP. 
Leaving  biotin  on  the  sample  too  long  will  cause  unspecific 
binding  to  other  less  negative  molecules,  reducing  the  specific- 
ity of  the  signal. 

6.  Finally,  DAB  chromogen  is  added  and  acts  like  a  substrate  for 
HRP.  Positive  staining  for  the  antigen  will  cause  a  brown  color 
change  (can  be  instantaneous).  If  the  activated  chromogen  is 
left  on  the  samples  too  long  the  background  will  become 
brown.  Stop  the  reaction  by  immersing  slides  in  dH20  as  soon 
as  the  positive  cells  have  become  brown,  and  minimal  back- 
ground has  stained. 

7.  "Wet"  chamber:  Place  wet  towels  along  the  bottom  of  a  com- 
mon slide  box.  Close  lid.  When  done  with  staining,  remove 
wet  paper  towels  and  hang  slide  boxes  to  dry  to  prevent  mold. 

8.  1  M  PBS:  Dilute  10  M  PBS  stock  solution  in  dH20  (100  ml 
10  M  PBS:  1,000  ml  dH20). 

9.  PBS-Tween:  Add  0.5  ml  Tween  for  every  1  1  of  1  M  PBS 
(Tween  is  a  detergent). 

10.  Ammonium-H20:  Dilute  0.5  ml  Ammonium  Hydroxide 
(Menconi)  in  500  ml  tap  water. 

11.  1  M  Tris  pH  8:  Prepare  both  1  M  HC1  Tris  (acid)  and  1  M 
base  Tris  (Basic)  desolving  the  powder  in  dH20,  with  a  ratio 
1  1  H20:1  weight  in  grams  of  the  formula  weight  (FW,  found 
on  the  box  of  the  salts).  Then  mix  the  two  solutions,  adding 
acid  to  base  until  the  needed  pH  is  reached. 

12.  Citrate  (pH  6.0):  In  1,000  ml  of  dH20  add  1.92  g  of  anhy- 
drous citric  acid.  Adjust  pH  to  6.0  by  adding  NaOH.  Then 
add  0.5  ml  Tween  20  and  mix.  Store  at  room  temperature. 

13.  Steps  will  vary  in  time  especially  when  slide  rack  is  lifted  up  and 
down  in  the  solution.  This  gets  the  solutions  moving  over  the 
tissue  better,  thus  speeding  up  the  desired  interaction  of  the 
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applied  step.  For  example  the  xylene  steps  can  be  cut  down  to 
20  dips  depending  on  the  amount  of  paraffin  left  on  the  slide 
after  baking. 

14.  Items  to  be  placed  in  ice  when  not  in  immediate  use: 

(a)  TNB. 

(b)  Pap  green  marker. 

(c)  Primary  antibody. 

(d)  Secondary  antibody. 

(e)  Streptavidin-HRP  (light sensitive). 

(f)  Biotin. 

(g)  DAB  dissolved  in  PBS. 

15.  Keep  the  temperature  between  50  and  60  °C  (never  >60  °C  to 
prevent  protein  denaturation). 

16.  Change  the  alcohol  solution  every  two  immersions. 

17.  In  the  dark,  for  20  min — methanol  dilution:  25  ml  of  30  % 
H202  in  225  ml  methanol. 

18.  Start  beforehand;  it  will  take  time  to  get  the  temperature  right. 

19.  Dilute  1  M  Tris  (basic  pH  =  8.0)  with  dH20  1  ml:5  ml  (50  ml 
Tris  in  200  ml  dH20). 

20.  Do  this  step  just  before  immersion  of  slides. 

21.  Allow  to  defrost  beforehand. 

22.  Biotin  should  remain  on  each  slide  for  only  4  min. 

23.  Only  activate  2-3  ml  of  this  solution  at  a  time. 

24.  Waiting  too  long  to  stop  the  reaction  will  cause  the  back- 
ground to  stain  as  well. 

25.  Hematoxylin  can  be  reused,  but  if  there  is  a  top  film,  filter  the 
hematoxylin  and  only  use  for  an  additional  few  times. 
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Human  Ex  Vivo  Wound  Healing  Model 

Stojadinovic  Olivera  and  Marjana  Tomic-Canic 


Abstract 

Wound  healing  is  a  spatially  and  temporally  regulated  process  that  progresses  through  sequential,  yet 
overlapping  phases  and  aims  to  restore  barrier  breach.  To  study  this  complex  process  scientists  use  various 
in  vivo  and  in  vitro  models.  Here  we  provide  step-by-step  instructions  on  how  to  perform  and  employ  an 
ex  vivo  wound  healing  model  to  assess  epithelization  during  wound  healing  in  human  skin. 

Key  words  Epithelization,  Ex  vivo,  Healing  model,  Human,  Acute  wounds 


1  Introduction 

Wound  healing  is  a  multifaceted  process  that  involves  different  cell 
types,  complex  signaling  network,  and  advances  through  orderly 
and  timely  different,  yet  overlapping  phases  [1].  However,  this 
process  can  be  influenced  by  various  factors  that  may  impair  the 
healing  response,  resulting  in  a  healing-impaired  wound  that  fails 
to  proceed  through  the  usual  progression.  In  addition  to  profound 
suffering  of  patients,  healing-impaired  wounds  represent  a  major 
area  of  unmet  clinical  needs,  leading  to  significant  morbidities  and 
mortality. 

Various  in  vitro  and  in  vivo  models  have  been  used  to  study 
wound  healing  process.  Studies  in  many  animal  models  of  wound 
healing  have  examined  cellular  and  molecular  changes  and  their 
resultant  delay  in  wound  healing;  however,  our  field  is  still  lacking 
an  adequate  wound  healing  model  that  will  be  readily  translatable 
to  a  human  setting.  As  a  consequence  of  this  limited  understand- 
ing, current  treatments  are  often  ineffective  and  very  scarce. 

Studying  different  phases  of  wound  healing  is  dependent  on 
the  use  of  models.  Although  by  using  animal  wound  healing  mod- 
els different  wound  healing  phases  can  be  assessed  simultaneously, 
differences  in  the  skin  morphology  and  physiology  between,  for 
example,  rodents  and  humans  make  wound  healing  studies  diffi- 
cult to  translate  to  human  settings.  Here  we  describe  an  ex  vivo 
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Fig.  1 1mages  of  infrared  (a),  H&  E-stained  (b),  keratin  17-stained  (c)  ex  vivo  wound  edge  specimen 


human  wound  healing  model  adopted  and  further  developed  in 
our  laboratory  to  study  wound  healing  in  human  skin  [2-5]. 
Comparative  analyses  between  acute  human  wounds  and  ex  vivo 
wound  models  showed  comparable  expression  patterns  for  multi- 
ple genes  involved  in  wound  healing  and  epithelization  phase,  sup- 
porting human  ex  vivo  model  as  reliable  and  functional  in  assessing 
human  epidermal  healing  [5-8].  Human  ex  vivo  wound  model  has 
been  successfully  used  to  assess  epithelization  rate  after  topical 
treatments  [9-12].  Recently,  we  utilized  this  model  to  assess  re- 
epithelization  over  time  using  infrared  (IR)  and  confocal  Raman 
spectroscopic  imaging  analysis  [13]  (Fig.  1).  Our  data  revealed  fine 
spectral  differences  that  corresponded  to  distinct  spatial  distribu- 
tions and  we  correlated  these  findings  with  keratin  expression  using 
immunostainings.  Therefore  human  ex  vivo  wound  healing  model 
can  be  used  to  acquire  detailed  molecular  structure  information 
from  many  proteins  involved  in  the  wound  healing  process. 

An  advantage  of  this  model  is  that  the  epithelization  process 
can  be  assessed  histologically  at  different  time  points.  The  skin 
specimen  is  typically  obtained  from  reduction  surgeries  and 
brought  to  the  laboratory  within  an  hour  to  2  h.  Institutional 
Review  Board  (IRB)  approvals  are  necessary  but  are  straightfor- 
ward to  obtain,  given  that  this  is  a  discarded  and  de -identified 
tissue  and,  as  such,  may  qualify  for  an  exempt.  Importandy,  a  large 
number  of  wounds  can  be  obtained  from  the  same  donor.  One 
limitation  of  this  experimental  model  is  lack  of  blood  supply. 
Despite  that,  ex  vivo  model  provides  a  very  useful  tool  for  preclini- 
cal testing,  to  study  behavior  of  particular  cell  type,  e.g.,  keratino- 
cytes,  during  wound  healing  process  and  the  epithelization  phase 
in  particular. 


2  Materials 

2.1    Ex  Vivo  1.  Sterile  phosphate-buffered  saline  (lx  PBS). 

Wounding  2.  Red  DMEM. 

3.  Antibiotic-antimicotic. 

4.  Fetal  bovine  serum. 


Ex  Vivo  Wound  Healing 


257 


Fig.  2  Equipment  and  plasticware  required  for  ex  vivo  wounding.  Scissors,  embedding  mold,  OCT  media, 
curved-  and  flat-tip  forceps,  scalpels,  biopsy  punches  (a).  Gauze  pads,  crossed Is  non-recommended  type  of 
gauze  pad  (b).  Falcon  tube  and  tissue  culture  dishes  (c) 


2.2  Embedding 
Ex  Vivo  Wounds  for 
Histology 


5.  Sterile  gauze  pads,  highly  absorbent  (5.1  cm  x  5.1  cm)  (Fig.  2b). 

6.  Scissors  and  forceps  (Fig.  2a). 

7.  50  ml  Falcon  tubes. 

8.  Biopsy  punches  (3  mm  and  6  mm). 

9.  150  mmx25  mm  Cell  culture  dish. 

10.  100  mmx20  mm  Cell  culture  dish. 

11.  60  mmx20  mm  Cell  culture  dish. 

12.  Surgical  gloves. 

13.  Disposable  scalpel. 

1.  Tissue  Tek®,  Cryomold®  Standard,  disposable  vinyl  specimen 
molds  (25  mmx20  mmx5  mm)  (Fig.  2a). 

2.  Tissue  Tek,  OCT  Compound  (Fig.  2a). 

3.  Forceps. 

4.  Dry  ice. 


2.3  Cutting 
OCT-Embedded 
Ex  Vivo  Wounds 
Using  Cryostat 


1.  Box  of  dry  ice. 

2.  Paintbrush. 

3.  VWR  low  profile  coated  microtome  blades. 
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2.4   H&E Staining  1.  Microscope  slides. 

2.  Acetone. 


3.  lxPBS. 

4.  Hematoxylin. 

5.  Acid  ethanol  (1  %  HC1  diluted  in  70  %  ethanol). 

6.  Eosin. 

7.  Ethanol. 

8.  Xylene. 

9.  Co  vers  lips. 

10.  Mounting  media. 


3  Methods 

3.1   Ex  Vivo  All  the  steps  need  to  be  carried  under  the  tissue  culture  hood  and 

Wounding  all  the  equipment  needed  for  ex  vivo  wounding  must  be  sterilized 

before  use! 

1.  Prepare  ex  vivo  media  using  red  DMEM  supplemented  with 
1  %  antibiotic-antimycotic  and  10  %  fetal  bovine  serum. 

2.  In  a  sterile  tissue  culture  dish  place  sterile  gauze  pad  and  add 
5  ml  of  media. 

3.  Using  scalpel  cut  piece  of  skin  received  from  reduction  surgery 
to  a  10  cmxlO  cm  piece  and  place  it  in  a  Falcon  tube  filled 
with  sterile  lx  PBS.  Cap  the  Falcon  tube  securely  and  shake 
the  tube  containing  tissue  to  wash  of  the  blood  from  skin. 

4.  Repeat  washing  step  three  times  or  until  excess  blood  has  been 
washed  off  the  tissue. 

5.  Place  skin,  with  epidermis  facing  up,  into  a  100  mm  tissue  culture 
dish  and  tap  dry  epidermis  using  sterile  gauze  pad. 

6.  Once  the  skin  is  dry,  transfer  the  piece  of  skin  to  a  clean  tissue 
culture  dish  with  epidermis  facing  down.  Using  scissors  and 
forceps  to  hold  the  skin,  cut  off  underlying  fat  tissue  until  dermis 
is  reached.  A  sldn  specimen  cleaned  from  fat  should  contain 
only  dermis  and  epidermis  (see  Note  1). 

7.  Wash  the  specimen  with  the  sterile  lx  PBS  three  times 
(see  Note  2). 

8.  Place  sldn  specimen,  with  dermis  facing  down,  into  a  clean  tissue 
culture  plate.  Touch  the  skin  surface  with  a  3  mm  biopsy  punch 
and  gently  punch  the  epidermis  and  the  upper  dermis  by  rotating 
a  biopsy  punch  to  create  a  wound  bed  (see  Note  3). 

9.  Using  forceps  to  pull  out  excised  epidermis  and  upper  dermis, 
excise  3  mm  biopsy  punch  to  create  a  central  wound  (see  Note  4). 


Ex  Vivo  Wound  Healing 
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Fig.  3  Scheme  of  a  doughnut-shaped  ex  vivo  wound  as  seen  from  above  and 
from  a  side  (a).  Human  ex  vivo  wound.  White  dotted  circles  trace  inner  wound 
edge  and  demarcate  wound  bed  (b) 


10.  Position  a  6  mm  biopsy  punch  containing  the  recently  created 
3  mm  wound  positioned  in  the  center  of  the  punch.  Rotating 
the  6  mm  biopsy  punch,  punch  through  the  full -thickness  skin 
to  create  a  doughnut-shaped  ex  vivo  wound  (Fig.  3a,  b). 

1 1 .  Gently,  without  touching  the  wound  bed  place  ex  vivo  wound 
on  the  top  of  the  sterile  gauze  pad  containing  5  ml  of  media 
and  spread  it  out  to  lay  flat  so  that  the  dermis  is  touching  the 
gauze  with  the  media  completely.  Avoid  air  pockets  between 
the  dermis  and  the  air-liquid  interface  (see  Note  5). 

12.  Apply  topical  treatment  by  pipetting  it  into  the  wound  bed. 

13.  Cover  the  dish  and  place  it  at  37  °C  in  a  humidified  atmosphere 
of5%C02. 

14.  Change  media  every  other  day  and  reapply  treatments  every 
day  (see  Note  6). 


3.2   Embedding  1.  Label  the  Tissue  Tek  disposable  tissue  specimen  molds. 

Ex  Vivo  Wounds  2.  Fill  in  the  tissue  pocket  with  the  Tissue  Tek,  OCT  Compound. 

3.  Using  tweezers  detach  ex  vivo  wound  by  stridently  removing 
the  wound  from  the  underlying  gauze  (see  Note  7). 


for  Histology 
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4.  Slowly  by  holding  tissue  specimen  mold  filled  with  OCT  media 
on  a  dry  ice  submerge  the  ex  vivo  wound  so  that  epidermis  is 
parallel  and  faces  the  label.  Prevent  folding  by  holding  in  place 
until  tissue  is  frozen. 

5.  Store  labeled  tissue  at  -80  °C  until  use. 


1.  Place  OCT-embedded  ex  vivo  wounds  in  cryostat  or  -20  °C 
refrigerator  to  equilibrate  the  temperature  for  at  least  5  min. 

2.  Place  the  chuck  into  the  hole  of  a  fast-freezing  rail  and  cover  it 
with  OCT.  Remove  wound  specimen  from  embedding  mold, 
place  it  on  a  chuck  coated  with  OCT,  and  allow  OCT  media  to 
freeze.  Use  a  metal  blade  to  chip  away  any  OCT  around  the 
chuck  in  order  to  fit  it  securely  into  a  cryostat  head. 

3.  Lock  the  handwheel  brake  when  working  with  the  specimen 
holder  and  the  knife  carrier. 

4.  Insert  chuck  with  frozen  tissue  into  the  specimen  clamping, 
lock  it  in  place,  and  set  the  section  thickness  (see  Note  8). 

5.  Insert  the  knife  into  the  knife  carrier  from  the  side  and  tighten 
the  clamping  screws  (see  Note  9). 

6.  To  cut  sections,  move  the  tissue  towards  the  blade  until  thin 
sections  can  be  cut.  Use  paintbrush  to  guide  the  cut  section 
(jaNote  10). 

7.  Begin  by  cutting  20  ^m  sections  to  reach  to  the  specimen. 
Once  you  reach  the  wound  bed  tissue,  cut  sections  at  5-8  ^m 
and  place  section  on  slide  by  gently  touching  cut  tissue  with 
the  slide  (see  Note  11). 

8.  Observe  under  microscope  to  assess  the  quality  of  the  section 
(seeNote  12). 

9.  Observe  sections  under  microscope  and  label  the  slide. 

10.  Dry  slides  with  sections  at  room  temperature  overnight  and 
proceed  with  H&E  staining. 

3.4   H&E  Staining  1 .  To  fix  the  tissue  place  the  slides  with  up  to  8  ^m  thick  tissue 

sections  in  a  staining  jar  filled  with  cold  (4  °C)  acetone  for 

1  min  at  room  temperature. 

2.  To  wash  slides  submerge  them  in  lx  PBS  three  times,  5  min 
each. 

3.  Submerge  slides  in  ddH20  for  5  min  and  blot  access  water 
from  slide  before  submerging  into  hematoxylin. 

4.  Transfer  slides  to  hematoxylin  and  keep  them  submerged  for 

2  min. 

5.  Binse  slides  with  ddH20  for  3  min  and  then  under  the  tap 
water  for  1 5  min. 

6.  Dip  slides  in  acid  ethanol  to  destain. 


3.3  Cutting 
OCT-Embedded 
Ex  Vivo  Wounds 
Using  Cryostat 
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7.  Wash  slides  under  the  tap  water  for  5  min. 

8.  Rinse  slides  in  ddH20  for  2  min.  Blot  excess  water  from  slides 
before  transferring  into  eosin. 

9.  Submerge  slides  in  eosin  for  45  s. 

10.  Submerge  slides  in  three  changes  of  95  %  ETOH,  5  min  each. 

1 1 .  Submerge  slides  in  three  changes  of  100  %  ETOH,  5  min  each. 
Blot  excess  ethanol  before  moving  slides  into  a  xylene. 

12.  Submerge  slides  in  three  changes  of  xylene,  5  min  each. 

13.  Mount  the  sections  using  permanent  mounting  media  and 
coverslip  them  avoiding  any  bubbles  (see  Note  13). 


3.5  Quantification 
of  Epithelization 


1.  To  quantify  epithelization  use  appropriate  software  (see  Note  14). 

2.  Determine  the  location  of  wound  edges  and  drag  a  measuring 
tool  horizontally  from  one  to  the  other  wound  edge  to  mea- 
sure the  size  of  the  total  wound  bed  (see  Note  15).  If  the  entire 
wound  bed  cannot  be  observed  on  the  monitor,  take  multiple 
measurements  until  the  entire  wound  bed  is  measured  and 
record  measurements  under  the  appropriate  sample  label. 

3.  Next,  measure  migrating  epithelial  tongue  (the  distance 
keratinocytes  migrated)  from  both  wound  edges  and  record 
measurement. 

4.  To  determine  the  percent  of  epithelization  divide  a  total  dis- 
tance measured  as  a  total  length  of  migrated  epithelial  tongue 
visible  from  both  wound  edges  by  length  of  the  initial  wound 
bed  and  multiply  by  100  %. 


4  Notes 

1.  Start  cleaning  the  fat  tissue  by  cutting  it  out  with  scissors,  but 
do  not  cut  too  deep  to  injure  the  dermis.  Once  the  fat  tissue  is 
cut  out,  level  the  dermis  using  scissors  by  cutting  the  small 
pieces  of  fat  that  were  left  attached  to  the  dermis. 

2.  Washing  cleaned  specimen  is  extremely  important  in  order  to 
avoid  lipid  contamination.  We  noticed  the  presence  of  a  lipid  drop- 
let in  the  wound  bed  and  a  skin  surface  while  using  infrared  and 
confocal  Raman  spectroscopic  imaging  to  acquire  detailed  molec- 
ular structure  information  from  the  diverse  proteins  and  their 
subclasses  during  ex  vivo  wound  healing  process. 

3.  This  is  a  fundamental  step  in  creating  the  wound.  It  is  impor- 
tant that  the  punch  is  sharp.  The  biopsy  punch  should  be 
pressed  down  gently  touching  the  epidermis.  A  few  rotations 
of  a  punch  while  applying  a  slight  pressure  to  the  epidermis  are 
sufficient  to  create  a  wound  through  epidermis  and  upper  dermis 
(Fig.  3a,  b). 
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4.  In  our  experience  the  best  way  to  separate  epidermis  and  upper 
dermis  from  the  rest  of  the  skin  in  order  to  create  a  wound  bed 
is  to  use  pointed  forceps  and  slowly  pull  out  the  3  mm  biopsy 
punch  created.  Once  the  3  mm  biopsy  punch  is  pulled  up 
allowing  visualization  of  the  dermis  below,  cut  out  the  tissue 
by  placing  scissors  parallel  to  the  surface  of  the  sldn  (parallel 
to  the  wound  bed)  just  below  epidermal-dermal  junction.  The 
greatest  variability  in  the  wound  depth  comes  from  this  step 
and  it  is  extremely  important  to  keep  wound  depth  as  constant 
as  possible.  We  recommend  one  person  to  perform  wounding 
experiments  for  any  given  sldn  specimen. 

5 .  It  is  important  to  separate  wounds  from  each  other  in  order  to 
avoid  additional  tissue  injury  during  the  process  of  wound 
detachment  from  the  gauze  pad.  We  recommend  specific  gauze 
pads  (Fig.  2b)  to  circumvent  a  tight  dermis  attachment  and  tear 
of  the  newly  formed  epithelium  during  separation  process. 

6.  Perform  this  step  under  the  sterile  conditions.  Put  plate  under 
the  hood  and  use  Pasteur  pipette  to  aspirate  media  out  from 
the  gauze  pad  and  pipette  in  fresh  media.  Transferring  ex  vivo 
wounds  from  one  dish  to  another  with  a  new  gauze  pad  and 
fresh  media  can  lead  to  injury  of  the  migrating  epithelial 
tongue  and  compromise  the  healing  outcome.  In  our  experi- 
ence, keeping  the  wounds  on  the  same  gauze  pad  throughout 
the  duration  of  the  experiment  yields  the  best  results. 
Treatments  should  be  re-applied  daily  by  pipetting  25  ^1  of  the 
treatment  directly  to  the  wound  bed  without  touching  the  sldn 
surface.  In  general  at  least  three  wounds  per  condition,  per 
time  point,  should  be  made  and  experiment  should  be  repeated 
at  least  three  times  using  different  sldn  specimens.  To  observe 
an  effect  of  tested  topical  treatment  we  recommend  assessing 
wound  epithelization  4  days  after  wounding  given  that  control, 
untreated  wound  would  fully  epithelialiaze  by  day  7. 

7.  To  remove  ex  vivo  wound  from  the  gauze  pad  we  recommend 
using  curved-tip  forceps  (Fig.  2a).  One  should  start  detaching 
the  wound  from  the  underlying  gauze  pad  by  lifting  the  outer 
wound  edge  on  one  side  of  the  ex  vivo  wound.  Once  the  sldn 
is  lifted  hold  the  sldn  between  the  curved  tips  and  using  one 
sharp  move  detach  ex  vivo  wound  by  pulling  it  up  and 
sideways. 

8.  The  orientation  of  the  specimen  in  relation  to  the  cutting  edge 
is  important  to  achieve  nice  sections.  The  chuck  has  to  be 
parallel  in  relation  to  the  knife.  Position  the  specimen  so  that 
epidermis  faces  either  left  or  right. 

9.  Cutting  area  of  the  knife  should  be  changed  if  it  is  not  usable 
anymore  by  moving  the  knife  to  the  left  or  the  right  side  so  that 
unused  area  of  the  knife  can  come  in  contact  with  the  specimen. 
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10.  To  obtain  continuous  sections  use  a  smooth  cutting  stroke. 
Stopping  in  the  middle  of  the  block  causes  tears  and  shreds  the 
section. 

11.  To  quantify  epithelization  it  is  necessary  to  place  the  section 
without  any  wrinkling  on  the  side  of  the  slide  with  the  white 
area  where  can  be  written  on  to  label  the  slide. 

12.  One  will  know  that  the  wound  bed  was  reached  by  visualizing 
indentation  first  macroscopically  by  looking  at  the  cut  tissue 
and  confirming  it  by  microscopical  observation.  We  strongly 
recommend  that  after  each  section  is  placed  onto  the  slide,  a 
slide  should  be  observed  under  the  microscope.  This  way  one 
can  clearly  see  and  distinguish  the  wound  bed  from  the  wound 
edges  where  the  full  thickness  of  epidermis  is  evident. 

13.  The  mounting  of  sections  on  microscope  slides  is  important 
for  successful  observation  of  the  epithelization.  A  mounting 
media  placed  between  coverslip  and  slide  should  spread  by 
surface  tension.  To  exclude  bubbles  that  can  interfere  with 
visualization  use  forceps  with  tooth  and  press  gently  to  smooth 
away  bubbles  from  the  section. 

14.  Any  microscope  with  software  that  allows  for  precise  measure- 
ments can  be  used.  We  recommend  NIS-Elements  BR  3.10 
software. 

15.  To  determine  the  wound  edge  we  suggest  that  one  first 
observes  the  whole  section.  Indentation  into  the  dermis  from 
biopsy  punch  along  with  the  discontinuation  of  stratum  cor- 
neum  layer  demarcates  the  wound  edge  and  should  be  used  as 
a  starting  point  to  measure  wound  bed  length.  At  least  ten,  but 
one  can  use  more,  different  wound  sections  derived  from  dif- 
ferent parts  of  the  wound  should  be  measured  and  their  aver- 
age should  represent  the  healing  outcome  for  that  particular 
specimen. 
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Murine  Models  of  Human  Wound  Healing 

Jerry  S.  Chen,  Michael  T.  Longaker,  and  Geoffrey  C.  Gurtner 


Abstract 

In  vivo  wound  healing  experiments  remain  the  most  predictive  models  for  studying  human  wound  healing, 
allowing  an  accurate  representation  of  the  complete  wound  healing  environment  including  various  cell 
types,  environmental  cues,  and  paracrine  interactions.  Small  animals  are  economical,  easy  to  maintain,  and 
allow  researchers  to  take  advantage  of  the  numerous  transgenic  strains  that  have  been  developed  to  inves- 
tigate the  specific  mechanisms  involved  in  wound  healing  and  regeneration.  Here  we  describe  three  repro- 
ducible murine  wound  healing  models  that  recapitulate  the  human  wound  healing  process. 

Key  words  Wound  healing,  Mouse  model,  Excisional  wound,  Ischemic  wound,  Pressure  ulcer 


1  Introduction 

1.1    Splinted  Chronic  non-healing  wounds  are  a  morbid  condition  and  place  a 

Excisional  Wound  huge  financial  burden  on  the  health  system.  Non-healing  ulcers  in 

diabetics  alone  account  for  almost  two-thirds  of  all  non-traumatic 
amputations  in  the  United  States  [1].  Excisional  wound  models 
are  commonly  employed  to  recapitulate  this  disease  process  in  ani- 
mal models.  We  have  utilized  a  splinted  excisional  wound  model 
which  prevents  wound  margin  contracture.  Wound  contracture  by 
the  panniculus  carnosus  is  the  primary  mode  of  murine  wound 
healing  as  opposed  to  granulation  tissue  formation  and  reepitheli- 
alization  in  humans  [2,  3].  In  addition  to  preventing  wound  con- 
tracture, the  silicone  splint  provides  a  constant  reference  to  use  for 
calculating  wound  size  when  assessing  wound  closure.  The  wound 
bed  can  also  be  easily  accessed  to  apply  topical  or  subcutaneous 
agents  to  study  wound  healing  modulation. 

Pressure  ulcers  commonly  affect  the  elderly  population  and  patients 
who  are  debilitated  due  to  spinal  cord  or  traumatic  brain  injury 
and  cause  significant  morbidity  and  even  mortality.  They  are 
increasingly  becoming  a  complication  of  acute  hospitalizations  as 
well  with  an  80  %  increased  incidence  in  the  United  States  between 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 
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1.2  Ischemia 
Reperfusion  Model 
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1993  and  2006.  The  treatment  of  these  wounds  costs  up  to  $11 
billion  per  year  in  the  United  States  [4].  The  pathogenesis  of  pres- 
sure ulcers  is  thought  to  be  mediated  by  cycles  of  ischemia  fol- 
lowed by  reperfusion  injury.  Wasserman  et  al.  implemented  a 
model  using  a  metal  disk  implanted  below  the  mouse  gluteal  mus- 
cle [5].  A  magnet  is  placed  on  the  skin  to  cause  ischemia  in  the 
tissue  between  the  magnet  and  metal  disk  and  is  cycled  on  and  off. 
This  model  is  able  to  reproduce  up  to  a  stage  IV  pressure  ulcer 
with  muscle  necrosis.  This  approach  however  requires  invasive 
methods  and  leaves  a  foreign  material  within  the  wound,  both  of 
which  can  confound  wound  characteristics.  A  simple  noninvasive 
method  was  described  by  Stadler  et  al.  which  can  achieve  a  stage 
III  pressure  ulcer  [6].  Two  ceramic  magnetic  disks  are  placed  to 
"pinch"  the  dorsal  sldn  and  apply  50  mmHg  of  pressure  which  has 
been  shown  to  decrease  blood  flow  by  80  %  [7].  This  is  followed 
by  removal  of  the  magnets  to  allow  for  a  period  of  reperfusion 
injury.  Wounds  can  be  followed  to  analyze  wound  closure  rate  and 
tissue  is  easily  harvested  for  histology,  RNA,  and  protein  analysis. 

1.3   Ischemic  Neovascularization  is  critical  in  the  wound  healing  process.  Recent 

Flap  Model  studies  have  suggested  that  this  process  consists  of  both  angiogen- 

esis  (sprouting  of  new  vessels  from  existing  endothelium)  and  vas- 
culogenesis  (creating  of  de  novo  vessels  by  progenitor  cells). 
Neovascularization  is  dependent  on  numerous  factors  including 
ischemic  signaling  and  mobilization  and  migration  of  progenitor 
cells.  We  have  employed  a  three-sided  full-thickness  peninsular  flap 
on  the  dorsum  of  the  mouse  with  an  impermeable  silicone  sheet 
beneath.  This  prevents  neovascularization  from  below  the  wound 
leaving  only  the  flap  pedicle  as  a  vascular  source.  A  reproducible 
ischemic  gradient  is  created  within  the  flap  allowing  for  analysis  of 
differential  ischemic  signaling. 


Fabrication  of  Silicone  Splints 

1.  0.5  mm  thick  silicone  sheet. 

2.  10  and  16  mm  sldn  biopsy  punches. 

3.  70%EtOH. 

4.50  mL  polypropylene  conical  tube. 

Excisional  Wounding 

1.  Anesthesia. 

2.  Electric  hair  trimmer. 

3.  Depilatory  cream. 

4.  Gauze. 


2  Materials 

2.1  Splinted 
Excisional  Wound 
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5.  70%EtOH. 

6.  6  mm  Skin  biopsy  punch. 

7.  Cyanoacrylate  adhesive  (super  glue). 

8.  Forceps. 

9.  Scissors. 

10.  Needle  driver. 

11.  6-0  nylon  suture. 

12.  Mastisol. 

13.  Occlusive  dressing  (Tegaderm). 

Digital  Analysis  of  Wound  Closure 

1 .  Digital  camera. 

2.  Image  J  software. 

Harvesting  of  Tissue  for  Analysis 

1.  Forceps. 

2.  Scissors. 

3.  Tissue  capsule  pads. 

4.  Biopsy  cassette. 

5.  Cryovials. 

6.  Liquid  nitrogen. 

2.2   Ischemia  1.  12  mm  diameter  x  5  mm  thick  magnetic  ceramic  disk. 

Reperfusion  Model  2 .  Anesthesia. 

3 .  Electric  hair  trimmer. 

4.  Depilatory  cream. 

5.  Gauze. 

6.  70  %  EtOH. 

1.  0.133  mm  thick  medical  grade  silicone  sheet. 

2.  Anesthesia. 

3 .  Electric  hair  trimmer. 

4.  Depilatory  cream. 

5.  Gauze. 

6.  70  %  EtOH. 

7.  Template  (10  mmx25  mm). 

8.  Forceps. 

9.  #10  scalpel. 
10.  Microsurgical  scissors. 


2.3  Ischemic 
Flap  Model 
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1 1 .  Needle  driver. 


12.  6-0  nylon  suture. 

13.  Phosphate -buffered  saline. 


3  Methods 


3.1  Splinted 
Excisional  Wound 


Fabrication  of  Silicone  Splints 


1.  Punch  out  the  desired  number  of  silicone  splints  using  16  mm 
biopsy  punch  (Fig.  la).  Each  animal  requires  two  splints. 

2.  Using  the  10  mm  biopsy  punch,  remove  the  inner  diameter 
from  each  silicone  disk  to  form  a  ring  (Fig.  lb). 

3.  Place  splints  in  70  %  EtOH  in  a  50  ml  conical  tube  to  keep 
disinfected  until  ready  for  use. 

Excisional  Wounding 

1.  Induce  adequate  anesthesia  through  either  intraperitoneal  or 
inhaled  anesthesia. 

2.  Shave  back  of  anesthetized  mouse  with  electric  hair  trimmer. 
Be  careful  not  to  induce  any  trauma  with  razor  teeth. 

3.  Apply  depilatory  cream  to  shaved  skin  and  let  sit  for  2  min. 

4.  Wipe  off  cream  and  hair  with  gauze.  Prepared  skin  should  be 
completely  bare. 

5.  Wipe  the  shaved  back  with  70  %  EtOH. 

6.  Using  a  6  mm  biopsy  punch,  mark  out  the  location  of  exci- 
sional wounds  by  pressing  down  gently  and  tracing  with  a  fine 
marking  pen.  Bilateral  wounds  should  be  equidistant  from  the 
midline  and  spaced  on  either  side  of  the  dorsum  (Fig.  lc). 

7.  Lift  the  sldn  away  from  the  dorsum  to  incise  and  perform  full- 
thickness  excisional  wound  through  the  panniculus  carnosus 
carefully  with  scissors  (Fig.  Id). 

8.  Remove  the  sldn  flap  by  sharply  dissecting  the  skin  from  the 
wound  bed  and  cutting  any  connective  tissue. 

9.  Apply  a  thin  layer  of  glue  fixative  to  one  side  of  the  silicone 
splint  and  affix  the  splint  concentrically  around  the  wound 
(Fig.  le). 

10.  Secure  each  splint  with  eight  evenly  spaced  interrupted  stitches 
(Fig.  If,  see  Note  1). 

11.  Apply  Mastisol  to  intact  skin  surrounding  the  silicone  splints 
and  the  splints  themselves.  Place  occlusive  dressing  over  wound 
to  protect  the  splint  from  scratching  or  chewing  by  the 
animal. 
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Fig.  1  Splinted  excisional  wound  model,  (a)  The  1 6  mm  punch  is  used  to  cut  out  the  desired  number  of  splints, 
(b)  The  10  mm  punch  is  then  placed  inside  each  silicone  circle  to  remove  the  inner  diameter  and  create  the 
silicone  splint,  (c)  A  6  mm  punch  is  used  to  mark  the  location  of  the  excisional  wound,  (d)  Forceps  retract  the 
skin  outward  and  scissors  are  used  to  sharply  excise  a  circular  piece  of  skin  down  through  the  panniculus 
carnosus.  (e)  The  silicone  splint  is  glued  concentrically  around  the  excisional  wound,  (f)  Eight  interrupted 
stitches  reinforce  the  splint  to  the  intact  tissue  surrounding  the  wound  to  prevent  wound  edge  contracture 

12.  Return  mouse  into  individual  cage  and  observe  to  ensure 
recovery  from  anesthesia  and  surgery  (see  Note  2). 

Digital  Analysis  of  Wound  Closure 

1.  Obtain  digital  pictures  of  the  wounds  on  the  day  of  surgery 
and  every  other  day  thereafter  (see  Note  3). 

2.  Open  the  image  of  each  wound  in  Image  J  software. 

3.  Draw  a  line  of  the  inner  diameter  using  the  straight  measuring 
tool. 

4.  Set  scale  under  the  analyze  menu  in  the  toolbar  by  entering 
known  distance  as  16  mm. 

5.  Measure  the  area  of  each  wound  by  tracing  the  perimeter  of 
the  wound  using  the  freehand  tracing  tool  and  selecting  mea- 
sure under  the  analyze  menu  (see  Note  4). 

6.  After  obtaining  all  wound  areas,  calculate  the  size  of  the  wound 
at  each  time  point  as  a  percentage  of  the  wound  size  on  day  1 
(see  Note  5). 

Harvesting  of  Tissue  for  Analysis 

1 .  Determine  which  animals  will  be  sacrificed  for  each  time  point 
(see  Note  6). 

2.  Euthanize  animal  by  C02  and  confirm  by  cervical  dislocation 
(see  Note  7). 
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Excise  the  wound  bed  keeping  approximately  2  mm  of 
adjacent  normal  tissue  to  include  the  wound  margin. 

Bisect  the  wound  and  then  cut  one  of  the  halves  into 
quarters. 

Place  the  larger  specimen  between  foam  tissue  capsule  pads  in 
a  tissue  cassette  and  fix  in  4  %  paraformaldehyde  for  fixation. 

The  two  smaller  quartered  specimens  can  be  stored  in  cryovi- 
als,  snap-frozen  in  liquid  nitrogen,  and  processed  for  RNA  and 
protein  isolation  (see  Note  8). 

Induce  adequate  anesthesia  through  either  intraperitoneal  or 
inhaled  anestiiesia. 

Shave  back  of  anesthetized  mouse  with  electric  hair  trimmer. 
Be  careful  not  to  induce  any  trauma  with  razor  teeth. 

Apply  depilatory  cream  to  shaved  skin  and  let  sit  for  2  min. 

Wipe  off  cream  and  hair  with  gauze.  Prepared  skin  should  be 
completely  bare. 

Wipe  the  shaved  back  with  70  %  EtOH. 

Draw  two  oudines  of  the  magnets,  each  5  mm  from  the  mid- 
line (Fig.  2a,  see  Note  9). 

Place  the  magnets  on  the  designated  areas  so  that  a  fold  of  skin 
is  pinched  between  the  magnets  (Fig.  2b,  see  Note  10). 

Return  mouse  to  an  individual  cage. 

Keep  magnets  on  for  12  h  of  ischemia  time. 

After  12  h  remove  the  magnets  from  each  mouse  (see  Note  11). 

Repeat  24-h  ischemia-reperfusion  cycle  for  a  total  of  three 
cycles  (see  Note  12). 

Monitor  mice  daily;  ulcers  will  become  visible  after  3-4  days. 
Ulcers  reach  maximum  depth  at  10  days  (Fig.  2c). 

Induce  adequate  anesthesia  through  either  intraperitoneal  or 
inhaled  anesthesia. 

Shave  back  of  anesthetized  mouse  with  electric  hair  trimmer. 
Be  careful  not  to  induce  any  trauma  with  razor  teeth. 

Apply  depilatory  cream  to  shaved  skin  and  let  sit  for  2  min. 

Wipe  off  cream  and  hair  with  gauze.  Prepared  skin  should  be 
completely  bare. 

Wipe  the  shaved  back  with  70  %  EtOH. 

Using  a  template,  mark  off  a  10  mmx25  mm  longitudinal 
rectangle  on  the  dorsal  midline.  The  cranial  edge  of  the  rect- 
angle should  be  at  the  level  of  the  shoulder  blades  (Fig.  3a). 

Use  scalpel  to  incise  the  skin  along  the  caudal  edge. 
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Fig.  2  Ischemia  reperfusion  model,  (a)  Use  a  template  to  mark  the  position  of  the  magnets  half  way  between 
the  fore  and  hindlimbs.  Note  a  1  cm  skin  bridge  between  the  magnet  placement,  (b)  Pinch  fold  of  skin  and 
place  magnets  around  skin  fold,  (c)  Representative  animal  on  day  5  displaying  bilateral  stage  3  ulcers 


8.  Use  microsurgical  scissors  to  extend  the  incisions  along  the 
caudal  edge  and  along  the  longitudinal  edges.  The  cranial  edge 
will  remain  intact  as  the  pedicle. 

9.  Raise  a  full-thickness  peninsular  flap  by  sharply  dissecting  any 
connective  tissue  between  the  skin  flap  and  underlying  muscle 
(Fig.  3b). 

10.  Place  a  10  mmx25  mm  silicone  sheet  within  the  wound 
between  the  muscle  and  skin  (Fig.  3c,  see  Note  13). 

11.  Keep  the  wound  bed  moist  by  periodically  wetting  with  PBS. 

12.  Suture  the  flap  using  interrupted  6-0  nylon  stitches  (Fig.  3d, 
see  Note  14). 

13.  Return  mouse  to  individual  cage. 

14.  Monitor  the  mouse  to  ensure  recovery  from  anesthesia  and 
surgery. 

15.  Monitor  wounds  daily. 


4  Notes 

4.1    Splinted  1.  Sutures  should  be  tied  with  minimal  tension  as  suture  material 

Excisional  Wound  can  be  easily  cut  through  the  silicone  rings  if  too  tight.  Splints 

may  need  to  be  resutured  or  replaced  especially  in  wild-type 
mice  as  they  tend  to  be  more  active  and  are  able  to  bite  at  the 
splint. 
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Fig.  3  Ischemic  flap  model,  (a)  Mark  a  1 0  mm  x  25  mm  rectangle  with  the  long  dimension  in  the  cranial-caudal 
axis.  The  cranial  edge  of  the  rectangle  should  be  between  the  scapulae,  (b)  Raise  a  full-thickness  flap  leaving 
the  cranial  pedicle  intact,  (c)  Place  the  impermeable  silicone  sheet  flat  on  the  wound  and  lay  the  flap  down  over 
the  sheet.  Note  the  superficial  perforators  that  can  be  seen  originating  from  the  pedicle,  (d)  Suture  the  flap  down 
using  interrupted  stitches,  (e)  Schematic  of  the  02  gradient  produced  with  the  ischemic  flap  model 


2.  Daily  monitoring  should  take  place  to  both  evaluate  the  wound 
and  replace  the  dressing  should  it  start  to  come  off.  Diabetic 
mice  often  are  unable  to  reach  the  splint;  however  daily  moni- 
toring should  still  occur. 

3.  Individual  cages  are  necessary  as  fighting  may  lead  to  damaged 
splints  and  other  mice  will  chew  through  the  silicone  splints. 

4.  We  obtain  the  best  results  using  the  macro  function  on  most 
digital  cameras  and  avoiding  the  use  of  flash.  Care  should  be 
taken  to  make  sure  that  images  are  obtained  holding  the  cam- 
era in  a  plane  parallel  to  the  wound. 

5.  The  scale  must  be  set  individually  for  each  image  as  photo- 
graphs are  likely  to  be  taken  at  various  distances. 

6.  The  wound  area  measured  on  day  1  is  used  as  the  original 
wound  area  as  opposed  to  day  0  because  the  excisional  wound 
tends  to  transiently  widen  immediately  after  surgery. 
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7.  In  our  experience,  usual  time  points  to  evaluate  the  acute 
phases  of  wound  healing  are  days  0,  3,  5,  7,  and  14.  A  mini- 
mum of  three  mice  (six  wounds)  should  be  allocated  to  each 
time  point  to  increase  statistical  validity. 

8.  Confirmation  of  death  by  cervical  dislocation  is  necessary; 
however  it  should  be  performed  carefully  to  prevent  disruption 
of  the  wound  which  would  affect  histological  results. 

In  our  laboratory,  common  histological  assays  include 
measuring  the  epithelial  gap  and  immunostaining  for  CD  31  to 
measure  vessel  density  in  each  tissue  sample.  RNA  and  protein 
are  evaluated  for  the  presence  of  multiple  vasculogenic  genes 
including  VEGF,  EPO,  SDF-loc,  and  HIF-loc.  It  is  not  within 
the  scope  of  this  chapter  to  detail  the  methods  for  these  assays; 
however  standard  techniques  are  adequate  to  provide  results. 

4.2  Ischemia  9.  Magnets  should  be  placed  equidistant  from  the  forelegs  and 
Reperfusion  Model  hindlegs  to  minimize  tension  on  the  skin  bridge  and  reduce 

chances  of  skin  necrosis.  The  original  method  by  Stadler 
describes  a  5  mm  skin  bridge.  In  our  experience,  especially 
with  mice  with  impaired  wound  healing  (diabetic,  aged,  etc.), 
this  bridge  is  too  narrow  and  leads  to  ischemia  and  skin  necro- 
sis. A  1  cm  bridge  provides  adequate  perfusion  to  the  bridge. 

10.  The  skin  fold  should  include  epidermis,  dermis,  subcutaneous 
fat,  panniculus  carnosus,  and  subcutaneous  loose  connective 
tissue  layer  (hypodermis),  but  not  muscle. 

11.  The  skin  may  remain  creased  after  removing  the  magnets.  The 
skin  may  need  to  be  stretched  back  out  in  this  case  to  insure 
proper  reperfusion. 

12.  In  our  experience  of  using  leptin  receptor-deficient  diabetic 
(db/db)  mice,  three  6-h  ischemia/6-h  reperfusion  cycles  pro- 
vide adequate  trauma  to  induce  pressure  ulcers. 

4.3  Ischemic  Flap          13.  The  oxygen  tension  gradient  produced  by  this  model  has  been 

validated  with  direct  oxygen  tension  measurements.  The  cra- 
nial 1  /3rd  of  the  flap  exhibits  oxygen  tensions  of  22  mmHg 
proximally  and  18  mmHg  distally.  The  middle  l/3rd  of  the 
flap  exhibits  oxygen  tensions  of  18  mmHg  proximally  and 
11  mmHg  distally.  The  caudal  l/3rd  of  the  flap  exhibits  oxy- 
gen tensions  of  1 1  mmHg  proximally  and  4  mmHg  distally. 

14.  Start  by  suturing  down  the  two  caudal  corners.  Eight  stitches 
for  each  longitudinal  edge  and  five  stitches  for  the  caudal  edge 
are  adequate  for  closure.  The  devascularized  skin  flap  is  very 
delicate  and  care  should  be  taken  to  minimize  manipulation. 
Always  use  a  new  needle  for  each  animal  and  avoid  handling 
the  flap  with  forceps  when  possible. 
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A  Corneal  Scarring  Model 

Daniel  J.  Gibson  and  Gregory  S.  Schultz 

Abstract 

Corneal  opacification  (i.e.,  haze)  following  a  non-denaturing  acute  injury  to  the  cornea  is  a  process  which 
takes  about  5  days  to  manifest  itself,  indicating  that  it  is  the  consequence  of  cellular  and  molecular  biological 
processes.  In  order  to  obtain  a  better  understanding  of  the  haze  development  process,  and  to  test  candi- 
date anti-haze  therapies,  we  use  a  corneal  scarring  model  whereby  we  create  an  excimer  laser  wound  in  the 
center  of  rabbit  corneas.  The  primary  data  generated  by  this  model  are  (1)  changes  in  corneal  thickness 
with  time;  (2)  wound  closure  rates,  or  re-epithelialization;  (3)  changes  in  the  location  and  density  of  cor- 
neal sub-epithelial  haze;  and  (4)  molecular  and  histological  changes  leading  up  to,  during,  and  following 
the  formation  of  haze. 

While  the  use  of  excimer  lasers  to  generate  consistent  wounds  in  rabbit  corneas  is  not  a  novel  protocol 
for  the  study  of  corneal  haze,  the  photographic  technique  presented  here  for  the  more  objective  recording 
and  quantification  of  corneal  haze  is.  At  present,  a  qualitative,  semiquantitative,  grading  system  is  employed 
whereby  the  amount  of  iris  detail  discernible  through  the  scar  is  assigned  a  value  between  0  and  4.  Such  a 
system  makes  direct  comparisons  amongst  reported  anti-haze  trials  nearly  impossible.  Furthermore,  the 
additional  "geographic"  detail  provided  by  the  image  provides  a  new  layer  of  information  about  the  forma- 
tion of  haze  and  the  ability  to  troubleshoot  dosing  regimens.  Altogether,  with  the  information  present 
herein,  we  believe  that  the  study  of  corneal  haze  formation  and  the  ability  to  compare  and  contrast  candi- 
date therapies  are  both  greatly  improved. 

Key  words  Cornea,  Haze,  Fibrosis,  Model,  Excimer,  Refractive  surgery 


1  Introduction 

The  center  of  any  experiment  is  a  measurement  regimen,  because  it 
is  the  contrasting  of  the  measurements  made  at  various  times  and/or 
under  a  variety  of  conditions  that  gives  rise  to  the  new  knowledge 
about  the  system  being  investigated.  In  studying  the  cornea's 
response  to  acute  injury,  or  an  intervention's  capacity  to  improve 
healing  outcomes,  a  measurement  regimen  which  consists  of  ensur- 
ing the  consistency  of  wounding,  measuring  the  side  effects  of  the 
intervention,  and  finally  measuring  both  the  macroscopic  effects 
and  molecular  and  cellular  effects  of  the  intervention  is  necessary 
to  gain  insight  into  the  tolerability  and  efficacy  of  an  intervention. 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 

Methods  in  Molecular  Biology,  vol.  1037,  DOI  10.1 007/978-1 -62703-505-7J  6,  ©  Springer  Science+Business  Media  New  York  2013 
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Fig.  1  General  workflow  schematic.  Most  of  the  steps  will  be  the  same  for  practice  as  they  are  for  surgery. 
The  divergence  in  the  middle  depicts  how  practicing  with  nonviable  tissue  (essential)  can  fit  in  with  the  rest  of 
the  workflow.  The  numerals  refer  to  the  sections  that  cover  the  procedures  for  that  portion  of  the  flowchart 


This  same  regimen,  sans  intervention,  can  be  used  to  measure  the 
wound  healing  process  per  se,  as  well.  While  the  measurements 
presented  herein  are  presented  as  being  done  for  each  experiment, 
they  need  not  be.  At  times,  the  measurements  themselves,  or  the 
frequency  of  prolonged  observations,  can  interfere  with  the  experi- 
ment. In  these  cases,  experiments  which,  for  example,  establish  the 
intervention's  side  effects  can  be  done  separately  from  those  done 
to  establish  the  intervention's  effects  on  healing. 

The  protocol  described  herein  relies  upon  an  excimer  laser 
surgery  model,  which  can  model  most  wounds  arising  due  to 
mechanical  disruption  of  the  tissue.  It  will  not  model  thermal  or 
chemical  burns  which  opacify  the  cornea  via  a  different,  unrelated 
mechanism.  Acute  wounds  to  the  cornea  caused  by  laser  surgery  or 
due  to  surgical  incisions  or  traumatic  lacerations  give  rise  to  a  light- 
reflecting  scar  which  begins  to  be  present  about  5-7  days  following 
surgery.  The  use  of  in  vivo  confocal  microscopy  has  revealed  that 
wound  healing  cells  themselves  are  the  light-reflecting  entities 
which  give  rise  to  the  corneal  opacifying,  lattice-like,  "haze"  [1,2]. 
In  contrast,  chemical  and  thermal  burns  give  rise  to  an  immediate 
and  homogenous  opacification  which  is  due  to  denaturation  and 
modification  of  the  stromal  extracellular  matrix. 

While  the  excimer  laser  presented  here  is  the  most  reproducible 
means  of  creating  an  acute  wound  in  the  cornea,  two  alternative 
techniques  exist,  which  while  less  reproducible  are  both  more 
affordable  than  an  excimer  laser  and  have  in  our  experience  been 
approved  as  IACUC  equivalents  (e.g.,  pain,  suffering,  and  analge- 
sia). These  alternatives  will  only  be  mentioned  in  passing  with  a 
brief  explanation  of  the  known  benefits  and  shortcomings  of  the 
techniques.  Citations  to  publications  malting  use  of  these  tech- 
niques will  be  provided  for  those  who  are  interested  in  employing 
these  more  economical  alternatives.  Aside  from  the  surgery  itself,  the 
remaining  workflow  and  measurements  made  are  both  applicable 
for  all  three  wounding  techniques. 

The  general  protocol  schematized  in  Fig.  1  consists  of  preparing 
for  sample  collection,  preparing  the  laser,  anesthetizing  the  model 
animal,  making  initial  pre-surgical  measurements,  performing 
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the  surgery,  making  postsurgical  measurements,  applying  the 
experimental  treatment  (if  any),  making  posttreatment  measurements, 
making  follow-up  measurements,  euthanizing  the  animals  at  pre- 
scribed time  points,  and  harvesting  the  cornea  for  a  variety  of 
downstream  molecular  biological  and  histological  analyses.  The 
final  steps  include  data  analysis  of  re-epithelialization,  edema,  and 
corneal  haze.  Analysis  of  molecular  biological  and  histological  data 
varies  from  analyte  to  analyte  and  is  left  with  the  investigator  to 
determine  which  methods  are  best  for  his  or  her  investigation. 
Overall,  this  protocol  is  presented  as  it  is  done  in  vivo.  However, 
notes  on  how  to  obtain  surgical  practice  with  ex  vivo  enucleated 
globes  (rabbits)  are  also  given.  We  cannot  stress  enough  the  impor- 
tance of  practicing  this  protocol,  from  start  to  finish,  with  ex  vivo 
tissue  prior  to  beginning  in  vivo  experimentation. 

The  presentation  of  this  protocol  will  be  primarily  centered  on 
the  measurement  regimen,  and  it  will  be  described  as  it  is  done 
using  rabbits.  We  also  provide  side  notes  with  non-comprehensive 
insights  into  the  use  of  mice  and  rats.  With  this  protocol,  an  indi- 
vidual or  a  group  can  become  acquainted  with,  and/or  adept  at, 
the  study  of  corneal  wound  healing. 


2  Materials 


2.1  Equipment 

2. 1. 1  Presurgery 


1 .  A  corneal  ultrasonic  pachymeter. 

2.  Animal  restraint. 

3.  Certified  calibrated  isoflurane  evaporator. 

4.  A  fresh  isoflurane  scavenger. 

5.  Nose  cone  suitable  for  the  animal  model  used. 

6.  Eyelid  speculum. 

7.  Eye  proptoser:  Two  wooden  shafted  swabs  and  a  twist-tie  or  a 
metal  wire  of  similar  malleability  (Fig.  2). 

8.  Digital  SLR  camera. 

9.  Dedicated  macrophotography  lens  capable  of  1:1  or  greater 
reproduction  (seeNote  1). 

10.  Dedicated  macrophotography  flash. 

11.  A  refractive  surgery  excimer  laser  (see  Notes  2  and  3). 


2. 1.2   Tissue  Excision 


1 .  Corneal  button  punch  block. 

2.  8.0  mm  Biopsy  punches  (see  Note  4). 


2.2  Drugs 


1.  Isoflurane. 

2.  Ophthalmic  tetracaine  or  proparacaine  eye  drops. 

3.  Meloxicam,  oral  suspension. 
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Fig.  2  Constructing  a  disposable  rabbit  eye  proptoser.  (a)  One-half  of  a  twist-tie  and  a  pack  with  two  sterile 
or  clean  wooden-shafted  cotton  swabs,  (b)  Open  the  end  of  the  swab  package  exposing  the  non-swab  ends, 
(c)  Begin  wrapping  the  twist-tie  around  the  butt  of  the  swabs,  (d)  The  finished  swab  wrapping,  and  (e)  detail 
of  the  finished  swab  wrapping,  (f)  The  twist-tie  wrapping  should  be  able  to  slide  up  and  down  the  shaft.  Slide 
the  twist-tie  towards  the  swabs  to  tighten  the  pair  once  in  place  below  the  equator  of  the  proptosed  eye. 
(g)  The  proptoser  in  place  on  an  anesthetized  rabbit.  The  swabs  should  not  be  reused,  but  the  twist-tie  can. 
Slide  the  twist-tie  off  of  the  butt  and  can  be  slided  onto  a  fresh  pair  of  swabs 


4.  Buprenorphine,  injectable. 

5.  Tropicamide. 

6.  Phenylephrine. 

2.3   Reagents  1.  Phosphate -buffered  saline  (PBS):  137  mM  NaCl,  2.7  mM 

KC1,  10  mM  Na2HP04-2  H20,  1.76  mM  KH2P04,  pH  7.4. 

2.  Sodium  fluorescein  solution:  PBS  saturated  with  sodium  fluo- 
rescein, pH  7.4. 

3.  4  %  Paraformaldehyde  in  PBS  ("fixative"):  One  volume  of 
39  %  paraformaldehyde,  nine  volumes  of  PBS. 

4.  RNA  later. 

5.  70  %  Ethanol:  Three  parts  dH20,  seven  parts  100  %  ethanol. 

6.  Antihistamine  (jgtfNote  5). 


A  Corneal  Scarring  Model  281 


a  b  c 


Fig.  3  Immobilizing  the  ex  vivo  globe  for  practice  surgery,  (a)  A  polystyrene  1 5  ml  tube  tray,  (b)  An  ex  vivo  rabbit 
eye  immobilized  on  the  polystyrene  tray  using  two  dissection  "t"-pins  penetrating  the  residual  conjunctiva  and 
muscle  tissue.  Note  that  the  ablated  region  is  not  centered  on  the  pupil;  this  is  why  we  practice,  (c)  Another 
ablated  eye  viewed  side-on  to  see  the  detail  of  the  sharp  wound  border  provided  by  PTK 


2.4  Biologies 
and  Tissue 


2.5  Analysis 


2.6  Consumables 
and  Miscellaneous 


1 .  Frozen  ex  vivo  rabbit  eyes  from  an  abattoir. 

2.  Alternative:  Rat  or  mouse  cadavers  from  colleagues. 

(a)  There  is  a  constant  stream  of  mice  without  the  appropriate 
genotype  which  are  euthanized  and  typically  suitable  for 
practice  once  euthanized. 

1.  Image  analysis  software. 

2.  Data  analysis  software. 

1.  PPE. 

2.  Scalpels. 

3.  Tubes. 

4.  Empty  15  ml  tube,  polystyrene  packaging  (Fig.  3a). 


3  Methods 


In  order  to  ensure  the  competence  of  the  individual  performing 
the  surgery,  practice  with  ex  vivo  globes  is  absolutely  essential. 
Using  whole  rabbit  eyes  obtained  from  an  abattoir  and  a  mounting 
system  depicted  in  Fig.  3,  this  protocol  can  and  should  be  prac- 
ticed. By  performing  this  protocol  with  ex  vivo  tissues,  the  investi- 
gator can  be  sure  to  gain  the  experience  necessary  to  conduct  most 
of  the  essential  steps  of  the  actual  surgery  prior  to  operating  on  live 
rabbits,  and  thereby  dramatically  reduce  the  chance  of  costly  errors. 

3.1    Sample  1.  Prepare  vessels  and  buffer  for  fixing  or  extracting  samples 

Collection  Preparation  depending  upon  the  planned  experiment. 

2.  Pre -label  each  vessel  for  each  sample. 

(a)   Make  several  extra,  unlabeled  vessels  just  in  case. 

3.  Add  the  appropriate  amount  of  fixative  or  extraction  buffer,  if 
any,  for  each  sample. 
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4.  Prechill  the  vessels  at  4  °C  if  possible. 

5.  Place  the  vessels  on  wet  ice  in  an  insulated  ice  bucket  in  the 
surgical  suite. 

6.  Make  more  than  enough  copies  of  the  surgical  data  sheets 
(see  Note  6,  Fig.  4a). 


a 


Rabbit/Rat/Mouse#: 


.  ExpDay#:_ 


Date/Time:. 


Treatment 


Right 


.BeamDiameter(mm) 
_TxDeliverable(|jl) 


Left 


.  BeamDiameter(mm) 
_TxDeliverable(|jl) 


WoundMeasurements 


Pachymetry 


® 


Reading 


Measurement 

1 

2 

3 

4 

5 

Pre-Ablation 

Post-Ablation 

Post-Treatment 

Misc 

Misc2 

Measurement 

Pre-Ablation 

Post-Ablation 

Post-Treatment 

Misc 

Misc2 

® 


Macrolmages 


FrameNumbers 


LEFT 

RIGHT 

Initial 

PostWound  Post 

Tx  Fluroscein 

Stained 

Notes: 


Fig.  4  Data  collection  templates  to  facilitate  organized  data  collection,  (a)  Surgical  template  and  (b)  follow-up 
template 
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Rabbit/Rat/Mouse#: 
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2  Irisdetailedobscured 
3  Anteriorchamberobscured 

FrameNumbers 


HazeGrading 

Right 

Left 

Re-Epithelialization 

Misc. 

AdditionalNotes: 

Fig.  4  (continued) 

7.  Bring  a  vessel  with  enough  70  %  ethanol  to  clean  forceps, 
scissors,  etc.  in  between  each  sample  (see  Notes  7  and  8). 

8.  Ensure  that  the  ultrasonic  pachymeter  is  in  the  surgical  suite 
and  ready  to  use. 

9.  Ensure  that  the  digital  camera,  flash,  and  filters  are  in  the  surgical 
suite  and  ready  to  use. 

10.  Bring  the  sodium  fluorescein  solution  to  the  surgical  suite. 
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3.2  Laser 
Preparation 


3.3  In  Vivo  Pre- 
surgical  Preparation 


3.4  Pre-surgical 
Measurements 

3.4.1  Photograph  the 
Cornea  (See  Note  14) 


1 .  Prepare  and  calibrate  the  excimer  laser  for  use  according  to  the 
manufacturer's  protocol. 

2.  Set  the  laser  to  photo  therapeutic  keratectomy  (PTK)  mode 
(see  Note  9). 

3.  For  rabbits,  set  the  beam  diameter  at  6.0  mm  with  no  transi- 
tion zone  (see  Notes  10  and  11). 

4.  We  do  not  pre-remove  the  epithelium  with  a  scalpel,  and  as 
such  we  set  the  ablation  depth  to  at  least  125  ^m,  with  approx- 
imately 50  \im  being  the  epithelium  (see  Note  12). 

5.  The  laser  should  be  ready,  but  not  yet  armed. 

1.  Restrain  the  animal. 

2.  Anesthetize  the  corneas  with  a  single  drop  of  tetracaine 
(preferred)  or  proparacaine. 

3.  Place  the  anesthetic  nose  cone  on  the  rabbit. 

4.  Induce  general  anesthesia  by  setting  the  oxygen  flow  rate  to 
1.0  L/min  and  the  isoflurane  to  3.5-4.0  %. 

5.  Once  induced,  the  isoflurane  can  be  reduced  to  3.25-3.5  %. 

6.  Remove  the  rabbit  from  the  restraint  and  place  it  on  its  side. 

7.  Proptose  the  eye  using  the  instrument  depicted  in  Fig.  2 
(see  Note  13). 

The  measurements  made  before,  during,  and  after  surgery  should 
be  the  same  for  both  the  ex  vivo  practice  and  in  vivo  experiments. 

1 .  The  following  camera  settings  will  be  used  for  haze  measurement 
(Fig.  5a  and  Table  1). 

2.  If  the  camera  has  an  automatic  ISO  mode,  disable  it  and  set  the 
ISO  to  the  lowest  setting  (typically  ISO  100  or  200). 

3.  Set  the  camera's  color  setting  to  "Normal"  or  "Standard" 
(see  Note  15). 

4.  Set  the  exposure  compensation  to  "0." 

5.  Set  the  exposure  mode  on  the  camera  to  "Manual." 

6.  Set  the  exposure  mode  on  the  flash  to  "Manual." 

7.  Set  the  camera's  shutter  speed  to  at  least  l/250th  of  a  second 
(i.e.,  "250"). 

8.  Set  the  aperture  to  f/16  or  f/18. 

9.  Set  the  flash  to  1/8 th  power.  If  there  is  more  than  one  flash, 
ensure  that  they  are  all  set  to  the  same  power. 

10.  Prefocus  the  lens  to  the  closest  focusing  distance  (i.e.,  highest 
magnification). 

11.  Center  the  cornea  in  the  center  of  the  view  finder  and  move 
slowly  back  and  forth  until  the  cornea  is  in  focus. 
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(T)  Digital  SLR  Camera 
(?)  Dedicated  Macro  Lens 
(3^  Dedicated  Macro  Flash 
(4)  Flash  Gel  Filter 


© 


(5)  Lens  Filter 

(J)  Camera  Exposure  Settings 

(7)  Flash  Exposure  Settings 

(jT)  Subject  Eye 


Fig.  5  Camera  components  for  macrophotography-based  data  collection 


Table  1 

General  camera/flash  settings  for  three  common  imaging  situations 


Type  of  image 

Camera/flash  exposure 

Camera/flash  filters 

General  image 

Program  auto/auto 

n/a 

Haze  measurement 

Manual/ manual 

11/a 

Re-epithelialization 

Program  auto/ auto 

Cobalt  blue/deep  yellow 

12.  Take  the  picture. 

13.  Check  the  image  on  the  camera  to  see  how  the  exposure  set- 
tings worked,  whether  the  focus  was  good,  and  whether  the 
flash  reflection  overlapped  with  the  central  region  of  interest. 

14.  Check  the  histogram  (if  available)  for  saturation. 

15.  If  the  image  is  underexposed  (too  dark),  increase  the  flash 
power  to  1  /6th. 

16.  If  the  image  is  overexposed  (too  light),  decrease  the  flash 
power  to  l/10th. 
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Ultra  sonic  Pachymeter    5  x  Replicates 


PosE-AbialionThickness 


Time 

Fig.  6  Pachymetry.  (a)  Schematic  of  measuring  central  thickness.  We  typically 
use  five  replicate  measurements  each  time  the  corneal  thickness  is  measured, 
(b)  Fluctuations  in  corneal  thickness  with  time  and  what  they  correlate  to.  The 
clashed  line  represents  the  initial  thickness  of  the  cornea.  The  thickness  decreases 
due  to  the  excimer-based  tissue  removal.  The  cornea  then  swells  (edema).  Once 
the  cornea  is  re-epithelialized,  the  edema  is  gone,  but  the  epithelium  is  once  again 
contributing  to  the  total  corneal  thickness,  thus  preventing  a  return  to  the  post- 
ablation  thickness.  To  varying  extents,  the  ablated  stroma  regenerates  itself  and 
can  result  in  a  return  to  the  pre-ablation  refractive  power  (regression) 


17.  Retake  the  image. 

18.  Recheck  the  image. 

19.  Readjust  the  flash  power  if  necessary. 

20.  Once  a  good  setting  is  found,  use  it  for  all  further  haze-related 
images. 

21.  Once  a  good  image  is  acquired,  record  all  of  the  frame  numbers 
(good  and  bad)  of  the  images  taken  on  the  surgical  sheet. 

3.4.2  Corneal  Thickness  1.  Measure  the  cornea's  central  thickness  via  ultrasonic  pachym- 
etry by  lightly  touching  the  central  cornea  with  the  probe 
(Fig.  6a). 

2.  Perform  five  replicate  measurements  (see  Note  16). 

3.  Record  the  pachymetry  measurements  on  the  surgical  sheet. 


A  Corneal  Scarring  Model  287 


1 .  While  we  do  not  manually  debride  the  epithelium,  if  you  choose 
to  do  so,  now  would  be  the  time  to  do  so  (see  Note  17). 

2.  Center  the  eye  beneath  the  laser. 

3.  Focus  the  laser  ensuring  that  you  are  focusing  on  the  corneal 
surface  and  not  some  structure  within  the  eye. 

4.  Arm  the  laser. 

5.  Perform  the  ablation,  and  periodically  stop  and  refocus  as 
necessary. 

1.  Immediately  after  ablation,  remeasure   the   thickness  via 
pachymetry  with  five  replicate  measurements. 

2.  Record  the  measurements  on  the  surgical  sheet. 

3.  Rephotograph  the  cornea  as  done  before. 

4.  Record  the  frame  numbers  on  the  surgical  sheet. 

5.  Place  the  blue  filters  on  the  flash  and  the  deep  yellow  filter  on 
the  lens  of  the  camera  (Table  1). 

6.  Apply  fluorescein  solution  to  the  cornea. 

7.  Rinse  away  excess  fluorescein  with  saline. 

8.  Change  both  the  camera  in  the  programmed  auto  mode  ("P") 
and  the  flash  into  auto  exposure  mode. 

9.  Immediately  photograph  the  fluorescein-stained  wound. 
10.  Remove  the  proptoser. 

For  experiments  testing  the  efficacy  of  an  intervention,  we  sug- 
gest that  both  eyes  of  a  rabbit  be  used  in  paired  analysis  with  one  eye 
receiving  the  intervention  and  the  other  either  placebo  or  no  inter- 
vention. This  suggestion  is  due  to  the  observation  that  the  extent  of 
scarring  appears  to  be  more  consistent  between  the  eyes  of  a  given 
rabbit  than  amongst  the  eyes  of  all  rabbits.  If  this  route  is  chosen, 
at  this  point  the  rabbit  can  be  flipped  over  and  the  preceding  steps 
repeated  on  the  opposing  eye. 

1.  Turn  off  the  isoflurane,  but  allow  the  oxygen  to  continue  flowing. 

2.  Periodically  pet/stir  the  rabbit. 

3.  Once  it  demonstrates  some  degree  of  coming  up  from  the  anes- 
thesia, attempt  to  administer  the  oral  suspension  of  meloxicam. 

4.  Once  the  meloxicam  is  imbibed,  replace  the  rabbit  in  its  trans- 
port container  and/or  its  cage. 

In  the  follow-up  period,  the  rabbits  will  likely  require  analgesia. 
We  prefer  meloxicam  due  to  its  24-h  effect.  The  rabbits  will  likely 
require  analgesia  until  the  cornea  is  completely  re-epithelialized. 
Additional  analgesia  might  be  required  if  the  cornea  spontaneously 
ulcerates  (see  Note  18). 
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3.8.1  Follow-Up 
Measurements 


1.  Make  more  than  enough  copies  of  the  follow-up  data  sheets 
(Fig.  4b). 

2.  Prior  to  restraint,  dilate  the  pupils  of  all  animals  undergoing 
measurement  with  a  single  drop  each  of  tropicamide  and  phen- 
ylephrine in  each  eye. 

3.  Once  the  pupils  are  dilated,  restrain  an  animal. 

4.  Anesthetize  the  corneas  with  a  single  drop  of  tetracaine 
(preferred)  or  proparacaine. 

5.  Place  the  anesthetic  nose  cone  on  the  rabbit. 

6.  Induce  general  anesthesia  by  setting  the  oxygen  flow  rate  to 
1.0  m3/irrm  and  the  isoflurane  to  3.5^4.0  %. 

7.  Once  induced,  the  isoflurane  can  be  reduced  to  3.25-3.5  %. 

8.  Remove  the  rabbit  from  the  restraint  and  place  it  on  its  side. 

9.  Proptose  the  eye  using  the  instrument  depicted  in  Fig.  2. 

10.  Set  the  camera  and  flash  to  the  previously  determined  manual 
settings. 

1 1 .  Photograph  the  center  of  the  cornea. 

12.  Record  the  frame  numbers  on  the  follow-up  sheet. 

13.  Measure  the  central  cornea's  thickness  via  pachymetry. 

14.  Record  values  on  the  follow-up  sheet. 

15.  Prepare  the  camera  for  fluorescein  photography  as  before. 

16.  Rnse  the  cornea  with  fluorescein  solution. 

17.  Rnse  away  excess  fluorescein  with  PBS  or  BSS. 

18.  Photograph  the  fluorescein-stained  cornea  as  before. 

19.  Record  the  frame  numbers  on  the  follow-up  sheet. 

20.  Flip  the  rabbit  over  and  repeat  and  record  the  measurements 
for  the  other  eye. 


3.9  Terminal  Sample 
Collection 


The  final  stage  is  the  harvesting  of  tissue  for  either  histological  or 
molecular  analysis.  The  time  points  and  particular  molecular  analy- 
ses performed  will  depend  upon  the  investigator's  aims.  Here,  we 
describe  the  tissue  excision  and  process  techniques  that  we  use  for 
a  variety  of  analyses.  Two  distinct  protocols  are  presented  for  either 
molecular  (ELISA,  Western  blot,  etc.)  or  histological  (gross  histol- 
ogy, immunohistochemistry,  etc.)  analysis  which  primarily  differ  in 
that  the  tissues  will  either  be  homogenized  or  preserved.  For  either 
process,  be  sure  to  euthanize  the  rabbit  using  a  humane  and 
IACUC-approved  method  prior  to  tissue  excision. 


3.10  Molecular 
Analysis 


This  method  is  suitable  for  both  protein  and  nucleic  acid  analysis 
with  the  primary  point  of  variation  being  the  composition  of  the 
extraction  buffer.  We  tend  to  wait  until  all  tissues  are  collected 
prior  to  further  tissue  homogenization  and  extraction. 
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Excise  the  cornea  with  a  stromal  rim  attached  for  handling. 

Place  the  excised  cornea  face  down  in  the  punch  block. 

Using  a  new  biopsy  punch,  punch  out  a  portion  of  the  cornea 
centered  on  the  wound.  Absolute  precision  is  not  necessary, 
but  the  biopsy  cut  should  not  intersect  with  the  wound. 

Transfer  the  corneal  button  to  an  empty  labeled  1.5  ml  micro- 
centrifuge tube. 

If  RNA  is  going  to  be  analyzed,  add  a  sufficient  volume  of  an 
RNA-stabilizing  buffer  (e.g.,  RNA  later)  to  the  tube. 

Store  the  tube  at  -20  °C. 

Wait  until  all  samples  are  collected  prior  to  proceeding. 

Close  the  tube  lid,  and  then  pierce  the  center  of  the  lid  with  an 
18G  needle  (see  Note  19). 

Immediately  snap  freeze  the  tissue  in  liquid  nitrogen. 

Leave  the  tube  in  the  liquid  nitrogen  until  it  can  be  transferred 
to  a  -80  °C  freezer  or  a  liquid  nitrogen  storage  vessel. 

Once  all  of  the  corneas  for  all  of  the  time  points  have  been 
collected,  then  in  a  single  batch  process  and  homogenize  the 
samples. 

Transport  all  of  the  samples  to  a  suitable  workspace,  maintain- 
ing them  at  the  temperature  they  were  stored  at. 

Take  one  sample  at  a  time,  and  rapidly  thaw  the  sample  if  nec- 
essary with  a  37  °C  water  bath. 

Once  thawed,  place  the  button  on  a  clean  cutting  block. 

With  a  fresh  razor  blade,  dice  the  cornea. 

Transfer  the  diced  corneal  material  back  into  the  storage  tube 
and  add  extraction  buffer  (see  Note  20). 

With  a  clean  fresh  microcentrifuge  tube  dounce,  sheer  the  corneal 
materials  in  the  centrifuge  tube,  occasionally  repositioning  the 
dounce  to  ensure  that  all  materials  have  been  sufhciendy  sheered. 

Carefully  remove  the  dounce,  and  scrape  any  attached  material 
on  the  edge  of  the  tube  so  that  it  remains  in  the  tube. 

Vortex  the  sample  to  ensure  that  all  materials  are  submerged  in 
the  extraction  buffer. 

Place  the  tube  in  wet  ice. 

Repeat  steps  1-9  until  all  samples  are  processed  before 
proceeding. 

Prepare  an  -300  ml  bath  of  iced  saline  in  a  plastic  vessel. 
Bring  the  samples  and  bath  to  a  probe  ultrasonicator. 
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13.  Ensure  that  the  probe  is  clean. 

14.  With  the  base  of  the  tube  well  submerged  in  the  iced  saline, 
and  the  probe  well  submerged  in  the  sample,  ultrasonicate  the 
sample  with  five  pulses  for  about  5  s  each  (see  Note  21). 

15.  Place  the  sample  back  in  wet  ice. 

16.  Clean  the  probe. 

17.  Repeat  steps  13-16  until  all  samples  are  processed  before 
proceeding. 

18.  Pellet  the  insoluble  materials  in  a  microcentrifuge. 

19.  Transfer  the  supernatant  to  a  new  labeled  tube. 

20.  We  retain  all  materials  until  the  experiment  is  completely 
finished. 

21.  Snap  freeze  all  materials,  and  store  at  -80  °C  in  liquid  nitrogen 
until  needed. 

1.  Bathe  the  corneal  surface  with  fixative  prior  to  excision. 

2.  With  a  sharp  pointed  scalpel,  push  the  point  into  the  sclera 
near  the  cornea  (-1/8 "  away  from  the  cornea,  see  Note  22). 

3.  While  withdrawing  the  scalpel,  apply  slight  pressure  in  the 
cutting  direction  to  further  open  the  initial  cut. 

4.  Using  curved  fine-serrated  scissors,  with  the  curve  matching 
the  curve  of  the  corneal/scleral  interface,  continue  expanding 
the  incision  (see  Note  23). 

5.  A  pair  of  toothed  forceps  can  be  used  to  provide  additional 
traction  or  to  control  globe  position  if  needed. 

6.  Fill  a  well  in  a  12 -well  cell  culture  dish  with  fixative. 

7.  Place  the  cornea  face  down  into  the  fixative  and  fill  the  posterior 
corneal  "cup"  with  fixative. 

8.  Repeat  steps  1-7  for  all  eyes  before  proceeding. 

9.  Move  the  12-well  plate(s)  into  a  well-vented  hood. 

10.  Fix  the  corneas  like  this  for  about  2  h. 

11.  Transfer  the  corneas  into  individually  labeled  vessels  with  fresh 
fixative  and  continue  the  fixation  for  18-24  h  at  4  °C. 

12.  Decant  the  fixative,  and  rinse  the  cornea  and  vessel  with  70  % 
ethanol. 

13.  Add  enough  70  %  ethanol  to  completely  cover  the  cornea. 

14.  The  corneas  can  be  stored  like  this  until  ready  to  proceed  for 
further  histological  processing. 

In  all  cases,  the  amount  of  edema  or  tissue  replacement  is  calcu- 
lated daily  by  the  difference  between  the  corneal  thickness  on  that 
day  and  the  immediate  post-wounding  thickness. 


3.10.4  Histology 


3.11   Data  Analysis 

3.11.1  Pachymetry 
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1.  Transcribe  the  pachymetry  measurements  from  the  surgery 
and  follow-up  sheets  into  your  data  analysis  program  of  choice. 

2.  Average  the  five  replicate  measurements  for  each  measurement 
made. 

3.  Use  only  the  averaged  values  from  here  on. 

4.  Calculate  the  percent  difference  from  the  ablated  thickness  for 
each  measurement: 

„,  T^.„/.  Current  thickness  -  ablated  thickness  ,-■>. 

%  Difference  =   ( 1  j 

Ablated  thickness 

5.  Perform  the  appropriate  statistical  test  for  the  experiment  you 
designed. 

6.  For  the  paired  analysis  we  suggest,  perform  a  paired  Student's 
t-test,  pairing  the  opposing  eyes  of  a  given  rabbit,  for  each  time 
point. 

7.  Choose  a  two-tailed  analysis  if  there  is  not  an  anticipated  effect, 
or  a  one-tail  analysis  if  a  particular  effect  is  expected  a  priori. 

8.  Under  normal  circumstances,  differences  in  thicknesses  will 
represent  differences  in  edema  during  re-epithelialization,  and 
tissue  replacement  for  time  points  thereafter  (see  Fig.  6b  and 
Note  24). 


3.11.2  Re-epitheliali-  Re-epithelialization  can  be  measured  in  two  ways:  "clinically" 
zation  (Fig-  7a)  and  "technically"  (Fig.  7b).  We  consider  the  first  day 

that  an  eye  does  not  stain  with  fluorescein  to  be  the  "clinical" 
re-epithelialization  rate,  while  we  use  digital  photogrammetry  to 
measure  the  actual  fluorescein-positive  area  to  calculate  a  "tech- 
nical" rate  of  closure  in  terms  of  a  change  in  area  with  respect  to 
time.  Given  that  both  can  be  done  with  the  same  data,  and  the 
simplicity  of  both  metrics,  we  choose  to  report  both.  We  choose 
this  because  the  technical  rate  gives  insight  into  the  molecular 
biology  of  wound  healing,  while  the  clinical  rate  conveys  whether 
or  not  the  difference  is  clinically  relevant. 

1 .  Open  the  image  in  a  program  capable  of  photographic  mea- 
surement (Fig.  7b). 

2.  Choose  the  selection  tool  which  selects  regions  of  contiguous 
color  (e.g.,  Photoshop's  "Quick  Selection  Tool"). 

3.  Select  the  fluorescein-stained  region  in  the  image. 

4.  Record  the  measurement  (see  Note  25). 

5.  Repeat  steps  1—4  for  all  images  prior  to  proceeding. 

6.  Export  the  measurements  to  your  data  analysis  program  of 
choice. 


7.  Convert  the  area  as  measured  in  pixels  into  spatial  terms  (i.e., 
mm2)  using  the  value  determined  for  your  camera  (see  Notes 
26  and  27). 
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Post-Surgery 


Day  1 


Day  2 


Day  3 


Day  4 


u  ■ 


Fig.  7  (a)  An  example  wound  closure  image  series,  (b)  How  to  quantify  wound  area  using  a  fluorescent 
macrophotograph.  (b1-b2)  Using  Photoshop  CS3  Extended  as  an  example,  use  the  "Quick  Selection  Tool" 
which  quickly  selects  continuous  regions  of  similar  colors.  (b3)  Push  the  "Record  Measurements"  button. 
(b4)  Scroll  the  table  over  to  obtain  the  total  number  of  pixels  selected.  Depending  on  the  reproduction  ratio 
(magnification)  and  the  camera  used  (pixel  dimensions),  this  number  can  be  used  to  determine  the  actual 
wound  area.  We  strongly  suggest  using  a  dedicated  macro  lens  capable  of  1 :1  reproduction.  Doing  so  enables 
the  investigator  to  easily  quantify  the  area  using  the  manufacturer's  published  pixel  dimensions  to  calculate 
the  area  per  pixel  which  can  then  be  used  to  convert  pixels  into  spatial  area  units  (e.g.,  mm2) 


8.  Perform  the  appropriate  statistical  test  for  the  experiment  you 
designed. 

9.  For  the  paired  analysis  we  suggest,  perform  a  paired  Student's 
t-test,  pairing  the  opposing  eyes  of  a  given  rabbit,  for  each  time 
point. 

10.  Choose  a  two-tailed  analysis  if  there  is  not  an  anticipated  effect, 
or  a  one-tail  analysis  if  a  particular  effect  is  expected  a  priori. 

1 1 .  For  the  clinical  analysis,  perform  the  same  paired  analysis  using 
the  day  number  that  the  cornea  had  no  apparent  fluorescein 
staining. 


3.11.3  Haze 


The  first  set  of  images  will  be  created  with  an  unwounded  eye 
and  a  piece  of  filter  paper,  which  will  serve  as  a  pseudo -wound. 
These  initial  images  will  be  used  to  create  a  filter  which  will  be 
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Pixel  Value  (0  (black)  -  255(white)) 


Fig.  8  Haze  analysis  using  an  ex  vivo  model  which  employs  a  4  mm  circle  of  filter  paper  to  mimic  the  worst 
scar  possible,  (a)  Background,  (b)  haze  (filter  paper  in  this  example),  and  (c)  flash  reflections.  By  choosing  a 
cutoff  value  between  (a,  b)  and  (b,  c),  the  investigator  can  create  a  "band-pass"  filter  which  prevents  reflec- 
tions from  the  camera  and  flash  from  affecting  the  haze  score 

applied  to  all  further  images  of  corneal  haze  in  order  to  remove  the 
background  and  any  reflections  (i.e.,  the  flash)  on  the  corneas 
(Fig.  8). 

1 .  Determine  the  band  pass 

(a)  Dilate  the  pupils  of  a  rabbit. 

(b)  Wait  for  dilation. 

(c)  Anesthetize  a  rabbit  as  before. 

(d)  Proptose  as  before. 

(e)  Photograph  the  eye  for  haze  (i.e.,  manual  settings). 

(f)  Place  a  4-6  mm  biopsy-punched  filter  paper  in  the  center 
of  the  eye. 

(g)  Photograph  again. 

(h)  Restore  the  rabbit  as  before. 

2.  Convert  all  of  the  images  to  grayscale  using  the  data  only  in  the 
blue  channel. 

3 .  Open  the  grayscale  images  from  the  +  /-  filter  paper  rabbit. 

4.  Manually  create  a  circular  selection  by  typing  in  the  dimensions. 
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5.  A  selection  region  should  remain  within  the  margins  of  the 
dilated  pupil  of  the  plain  eye,  and  it  should  encompass  the  filter 
paper  in  the  pseudo -wounded  eye. 

6.  Save  the  dimensions  of  the  selection  circle  as  they  will  be  used 
for  all  samples. 

7.  Record  the  measurement  with  histogram. 

8.  Use  the  same  selection  circle  size  to  select  the  filter  paper 
pseudo-wound. 

9.  Import  the  histograms  into  a  charting  utility. 

10.  Compare  the  histograms  to  identify  the  pixel  intensities  which 
correlate  with  the  background  (Fig.  7a),  the  wound  (Fig.  7b), 
and  the  flash  reflections  (Fig.  7c). 

11.  The  pixel  values  between  the  background  and  wound  (e.g., 
<80  in  Fig.  7)  and  the  wound  and  flash  reflections  (e.g.,  >168 
in  Fig.  7)  will  serve  as  a  "band-pass"  filter  for  quantifying  haze 
(see  Note  28). 

12.  Select  and  record  the  values  and  histograms  for  the  remaining 
experiment  wound  images. 

13.  Import  the  experiment  histograms  into  a  data  analysis  program 
(e.g.,  Microsoft  Excel). 

14.  For  the  pixel  values  within  the  band  pass,  multiply  the  pixel 
value  with  the  number  of  pixels  measured  with  that  value 
(i.e.,  the  histogram  data). 

15.  Sum  all  of  these  values  within  the  band  pass  to  obtain  an 
unweighted  haze  score  (see  Note  29). 

16.  Perform  the  appropriate  statistical  test  on  the  haze  scores  for 
the  experiment  you  designed. 

17.  For  the  paired  analysis  we  suggest,  perform  a  paired  Student's 
£-test,  pairing  the  haze  scores  from  opposing  eyes  of  a  given 
rabbit,  for  each  time  point. 

18.  Choose  a  two-tailed  analysis  if  there  is  not  an  anticipated  effect, 
or  a  one-tail  analysis  if  a  particular  effect  is  expected  a  priori. 

3.11.4  Molecular  and  Both  molecular  and  histological  analysis  will  vary  greatly  depending 
Histological  Analysis  upon  the  experimental  design  and  the  analyte(s)  of  interest.  The 

only  suggestion  we  will  make  is  to  continue  to  perform  paired 

analysis  using  opposing  eyes. 


4  Notes 

1.  If  a  dedicated  macro  lens  is  not  available,  or  the  reproduction 
ratio  is  not  obtainable,  be  sure  to  include  a  ruler  or  an  object 
of  known  length  within  the  image  to  empirically  determine  the 
pixel-to-area  conversion  value. 
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2.  A  week  prior  to  in  vivo  experimentation,  ensure  that  all  laser 
supplies  (i.e.,  gasses)  are  adequate  for  the  experiment  and  that 
the  laser  is  in  good  working  order.  Performing  a  practice 
surgery  on  an  ex  vivo  globe  is  a  good  way  to  do  this,  but  per- 
forming a  laser  calibration  which  typically  entails  firing  the 
laser  should  suffice.  All  of  this  will  enable  ordering  additional 
supplies  (i.e.,  gasses)  if  necessary. 

3.  Alternatives  to  the  excimer  laser  include  lamellar  keratectomy 
and  corneal  abrasion  with  a  diamond-dusted  burr  [3-14]. 
Considering  that  all  three  techniques  are  done  on  an  outpa- 
tient basis  with  similar  level  of  analgesia,  we  have  successfully 
obtained  IACUC  approval  to  use  these  methods  interchange- 
ably with  the  lower  technology  techniques  as  backup  methods 
in  the  event  of  laser  equipment  problems. 

4.  The  diameter  should  exceed  the  wound  size. 

5.  If  anyone  who  is  going  to  be  present  for  the  surgery  has  aller- 
gies that  might  be  triggered  by  rabbit  hair  or  dander,  be  sure 
that  they  take  any  medications  they  need  well  in  advance  of  the 
surgery.  They  may  also  want  to  consider  acquiring  a  robust 
respirator  mask. 

6.  Data  collection  templates:  I  cannot  stress  the  value  of  these 
enough.  Make  them,  have  them,  and  use  them. 

7.  Since  the  sample  collection  is  being  done  either  on  nonviable 
tissue  or  following  euthanasia  for  the  in  vivo  experiments,  the 
instruments  do  not  need  to  be  sterilized  unless  the  tissues  are 
collected  for  tissue/organ  culturing. 

8.  Use  a  fresh  scalpel  for  each  tissue  in  all  cases  to  reduce  cross- 
contamination  and  to  ensure  the  best  cut  possible. 

9.  We  choose  PTK  due  to  the  nice  sharp  stromal  wound  margin 
it  creates  which  provides  a  sharp  contrast  between  the  wound 
and  surrounding  tissue. 

10.  Some  lasers  request  three  different  diameters  which  together 
enable  one  to  control  the  shape  of  the  laser  cut  profile.  Choose 
the  diameters  such  that  the  tissue  volume  removed  is  a  cylin- 
der. For  the  Nidek  EC-5000,  all  three  diameters  should  be 
6.0  mm. 

1 1 .  For  mice  use  a  1 .0  mm  beam  diameter  and  for  rats  use  4.0  mm. 

12.  If  you  choose  to  manually  debride  the  epithelium,  adjust  the 
ablation  depth  accordingly. 

13.  Alternatively,  an  eyelid  speculum  can  be  used,  but  we  have 
better  results  with  this  custom  proptoser. 

14.  Practicing  the  camera  placement  and  focus  is  important. 
Focusing  on  a  viable  cornea  is  much  like  focusing  on  a  finger- 
print left  on  a  glass  surface;  accordingly  such  can  be  used  for 
focusing  and  camera  handling  practice.  The  day  prior  to  surgery, 
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be  sure  that  the  batteries  are  charged  and  extra  batteries  (for  the 
flash)  are  readily  available.  Also,  be  sure  that  the  memory  card 
has  sufficient  space  for  the  experiment  (2^4  GB  cards  are  fine 
for  most,  but  will  be  dependent  upon  the  camera). 

15.  Cameras  typically  have  a  variety  of  settings  which  affect  the 
color  and  tone  curves  which  are  used  for  a  variety  of  photog- 
raphy situations.  Examples  include  a  mode  with  high  color 
saturation  for  nature  or  flower  photography,  or  mode  with 
more  muted  colors  for  photographing  people.  For  photograph- 
ing corneas,  we  typically  use  the  "Normal"  or  "Standard" 
(or  others;  the  name  is  manufacturer  dependent)  color  mode. 

16.  If  the  corneal  surface  is  too  dry,  the  pachymeter  will  not  be 
able  to  measure  the  corneal  thickness.  Slightly  moisten  the  tip 
of  the  probe  or  the  corneal  surface  to  remedy  this. 

17.  If  you  manually  debride  the  epithelium,  repeat  the  photogra- 
phy and  pachymetry  steps  to  measure  differences  due  to  the 
debridement. 

18.  Within  the  context  of  this  model,  we  have  found  that  frequent 
observation  of  the  cornea  can  lead  to  spontaneous  sloughing 
of  the  yet-to-be  stabilized  epithelium.  This  problem  might  be 
addressable  with  anti-drying  gels,  but  we  have  yet  to  validate 
this  hypothesis. 

19.  Pierce  the  center  of  the  tube  with  an  18  G  needle  or  dissection 
"t"-pin  to  provide  a  vent.  Failure  to  do  this  can  lead  to  the 
tube  opening  "explosively"  upon  thawing  and  can  result  in  loss 
of  sample. 

20.  We  use  600  ^1  for  protein  extraction  from  an  8.0  mm  punch. 
If  too  little  is  used  we  have  had  our  sample  extracts  congeal  in 
the  tube  (i.e.,  stromal  collagen  forming  a  gelatin  within  the 
tube).  For  RNA,  use  the  volume  suggested  by  the  manufacturer 
of  your  kit  of  choice. 

21.  The  ultrasonication  routine  will  be  dependent  upon  the 
extractability  and  stability  of  the  investigator's  analyte(s)  of 
interest. 

22.  Be  sure  to  go  in  at  an  angle  which  is  parallel  with  the  iris  to 
avoid  coming  into  contact  with  the  iris  which  will  bleed  (con- 
tamination) and  interfere  with  excising  the  cornea. 

23.  The  fine  serrations  provide  grip/traction  and  vastly  improve 
the  controllability  of  the  cut. 

24.  The  corneal  epithelium  is  highly  unstable  during  healing  and 
can  spontaneously  "slough"  off  in  places  forming  ulcers. 
These  corneas  will  begin  to  swell  via  edema  again  until  the 
ulcer  is  once  again  closed.  These  eyes  should  be  removed 
from  any  further  study  as  the  ulcer  represents  another  wound- 
ing event. 
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25.  Some  programs  enable  a  pixel-to-unit  of  measurement  conver- 
sion factor  prior  to  making  measurements.  This  enables  the 
program  to  immediately  report  the  measurement  in  relevant 
terms.  If  the  pixel-to-area  conversion  factor  is  known,  you  can 
save  yourself  some  time  by  entering  it  into  the  software  prior 
to  starting. 

26.  At  a  1:1  reproduction  ratio,  the  dimensions  of  a  pixel  will  be 
the  camera's  sensor's  width  (in  millimeter)  divided  by  the  total 
width  of  the  image  in  pixels  by  the  sensor's  height  (in  millime- 
ter) divided  by  the  image's  height  in  pixels.  Alternatively,  some 
manufacturers  publish  the  pixel  size  of  their  sensors.  This  pro- 
cess is  highly  dependent  upon  using  the  macrophotography 
settings  suggested  (i.e.,  1:1  reproduction  ratio).  If  another 
reproduction  ratio  is  used,  the  pixel-to-area  value  must  be 
scaled  accordingly  (i.e.,  1:2  ->  double  the  area). 

27.  Use  the  image  analysis  software  to  determine  the  pixel-to-area 
conversion  factor  by  measuring  your  empirical  standard  if  you 
included  in  your  image. 

28.  These  values  will  vary  somewhat  from  camera  to  camera  and  by 
the  exposure  conditions  used,  but  should  be  consistent  from 
eye  to  eye  with  the  same  camera  and  camera/lens/flash  expo- 
sure settings. 

29.  The  use  of  a  weighting  scheme  is  currently  being  investigated, 
but  would  include  giving  more  intense  pixels  (i.e.,  worse  haze), 
a  higher  per- pixel  score. 
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A  Novel  and  Efficient  Model  of  Coronary  Artery 
Ligation  in  the  Mouse 

Erhe  Gao  and  Walter  J.  Koch 


Abstract 

Coronary  artery  ligation  to  induce  myocardial  infarction  (MI)  and  ischemia/reperfusion  (I/R)  injury  in 
mice  is  typically  performed  by  an  invasive  and  time-consuming  approach  that  requires  ventilation  and  a  full 
thoracotomy  (classical  method),  often  resulting  in  extensive  tissue  damage  and  high  mortality.  Here,  we 
describe  a  novel  and  rapid  surgical  method  to  induce  MI  that  does  not  require  ventilation.  This  method  is 
much  more  efficient  and  safer  than  the  classical  method  of  MI  and  I/R  injury. 

Key  words  Animal  models  of  human  disease,  Myocardial  infarction,  Ischemia  reperfusion,  Surgical 
efficiency,  Mouse 


1  Introduction 

The  increase  in  the  availability  of  various  types  of  genetically  engi- 
neered mice  has  brought  about  the  blooming  need  for  more  effi- 
cient ways  to  induce  myocardial  damage  for  both  molecular 
mechanistic  studies  as  well  as  the  testing  of  potentially  therapeutic 
interventions.  Currently,  two  of  the  most  common  models  used 
by  researchers  to  induce  ischemic  cardiac  damage  are  permanent 
left  main  descending  coronary  artery  (LCA)  occlusion  to  induce 
an  MI  and  the  temporary  coronary  artery  occlusion  to  induce  I/R 
injury  [1,2].  The  MI  model  is  usually  used  to  investigate  myocar- 
dial changes  such  as  remodeling  that  occur  over  an  extended 
period  of  time,  whereas  the  I/R  model  is  generally  used  to  exam- 
ine the  short-term  consequences  of  ischemic  injury.  Since  the  first 
attempt  of  coronary  ligation  in  mouse  was  presented  by  Johns  and 
Olson  in  1954,  where  a  ventilation-based  thoracotomy  was  intro- 
duced [3],  a  variety  of  surgical  manipulations  have  been  made  to 
induce  the  cardiac  ischemic  event  [4,  5].  However,  LCA  ligation 
remains  the  most  commonly  practiced  ischemic  injury  [2,  6,  7]. 
This  continues  to  utilize  methodology  requiring  ventilation  and 
full  opening  of  the  chest  (referred  to  below  as  the  classical  method). 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 
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This  technique  can  cause  extensive  tissue  damage  and  high  surgical 
related  death  and  can  also  be  quite  time  consuming  for  most 
surgeons  [8-11]. 

Over  the  last  few  years  we  have  developed  a  new  approach  of 
coronary  artery  ligation  in  mice  without  the  need  of  ventilation. 
This  method  can  be  applied  to  not  only  LCA  ligation  and  the  MI 
procedure  [7,  12-22]  but  also  I/R  injury  [23-37]  as  well  as  gene 
or  cell  therapy  procedures  to  the  heart  [13,  38-41].  Compared  to 
the  above-mentioned  classical  method  this  novel  method  is  much 
more  efficient  and  safer  for  mice  while  not  compromising  the 
extent  of  cardiac  injury  [15].  In  this  chapter,  we  focus  on  the  tech- 
nical details  of  this  procedure. 


2  Materials 


2.1  Anesthesia 
and  Analgesia 

2.2  Surgical 
Instruments:  Five 
Instruments  Are 
Needed  as  Shown 
in  Fig.  2 


2.3  Surgical 
Accessories 


1.  Isoflurane  anesthesia  delivery  system  as  shown  in  Fig.  1. 

2.  Buprenorphine. 

1 .  A  needle  holder  for  skin  suturing. 

2.  Needle  holder  for  suturing  mouse  heart  coronary  artery. 

3.  Hartman  mosquito  hemostatic  forceps. 

4.  Surgical  scissors. 

5.  Dressing  forceps. 

1.  Dry  bead  sterilizer  (Germinator  500). 

2.  Surgical  light. 


Fig.  1  Isoflurane  anesthesia  delivery  system 


Efficient  Model  of  Coronary  Artery  Ligation 


301 


Fig.  2  Five  surgical  instruments:  A  needle  holder  for  skin  suturing,  needle  holder  for  suturing  mouse  heart 
coronary  artery,  Hartman  mosquito  hemostatic  forceps,  surgical  scissors,  and  dressing  forceps 

3.  Surgical  board  (Fig.  1). 

4.  Heating  blank. 
5.4/0  silk  suture. 

6.  6-0  silk  suture. 

7.  Taps  (Fig.  1). 

8.  Betadine  and  alcohol  pads. 

9.  Examination  gloves. 


3  Methods 


3.1  Permanent 
Coronary  Artery 
Occlusion  Without 
Ventilation 


Sterilize  surgical  instruments  with  a  dry  bead  sterilizer 
(Germinator  500). 

Mouse  (generally  2-3  months  of  age  or  at  least  18  g  body 
weight)  is  anesthetized  with  2-3  %  isoflurane  inhalation  in  an 
inducing  chamber. 

Once  anesthetized,  the  mouse  is  removed  from  the  inducing 
chamber  to  the  surgical  board,  immobilized  with  tape,  and 
continuously  anesthetized  with  2  %  isoflurane  via  coaxial 
breathing  apparatus  but  not  ventilated. 

Remove  the  fur  with  a  standard  depilatory  (e.g.,  Nair)  and 
clean  the  skin  with  water  and  then  betadine  and  alcohol  pads. 
In  order  to  perform  this  procedure  more  efficiently  the  step  of 
fur-removing  could  be  done  earlier. 

A  small  skin  cut  (1.2  cm  long)  is  made  over  the  left  chest  with 
the  scissors  and  a  purse  suture  is  made  as  shown  in  Fig.  3a,  b. 
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Fig.  3  Permanent  coronary  artery  occlusion  without  ventilation:  (a,  b)  A  small  skin  cut  (1.2  cm  long)  is  made 
over  the  left  chest  with  the  scissors  making  a  purse  suture,  (c,  d)  Dissection  and  retraction  of  the  pectoral 
major  and  minor  muscle  to  expose  the  fourth  intercostal  space,  (e)  Externalize  (pop  out)  the  heart,  (f)  Heart 
"popped  out"  through  the  hole,  (g-l)  Ligation  of  the  main  descending  left  ventricle  coronary  artery  (LCA  also 
called  LAD),  (m)  Placing  the  heart  back,  (n)  Evacuation  of  air  out  of  the  thoracic  cavity,  (o,  p)  Closing  the  skin 
incision 
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Fig.  3  (continued) 

6.  Dissection  and  retraction  of  the  pectoral  major  and  minor 
muscle  are  done  to  expose  the  fourth  intercostal  space  (Fig.  3c,  d). 
For  this  step,  first  hold  the  hemostatic  forceps  in  left  hand  to 
grasp  the  pectoral  major,  and  the  mosquito  clamp  in  right  hand 
to  underneath  dissect  the  pectoral  major  and  expose  the  pecto- 
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ral  minor  muscle,  then  using  the  mosquito  clamp  (right  hand) 
to  grasp  the  pectoral  minor,  and  use  forceps  (left  hand)  to  go 
underneath  and  dissect  the  pectoral  minor  (Fig.  3c)  exposing 
the  intercostal  space  (Fig  3d). 

7.  Externalize  (pop  out)  the  heart.  This  is  the  most  difficult  part 
for  this  procedure.  First,  using  left-hand  finger  and  thumb  to 
hold  the  mouse  chest,  right  hand  to  hold  the  mosquito  for- 
ceps, and  then  using  the  forceps  punch  a  small  hole  at  the 
fourth  intercostal  space  to  penetrate  the  intercostal  muscle,  the 
pleural  membrane,  and  the  pericardium.  Hold  the  clamp 
slightly  open  with  the  right  hand  (Fig.  3e)  and  using  the  left- 
hand  finger,  press  slighdy  down  the  chest;  the  heart  is  then 
smoothly  and  gently  "popped  out"  through  the  hole  as  shown 
in  Fig.  3f. 

8 .  Ligation  of  the  main  descending  left  ventricle  coronary  artery 
(LCA  also  called  LAD):  LCA  is  located,  sutured,  and  ligated  at 
a  site  about  2-3  mm  from  its  origin  using  a  6-0  silk  suture  as 
shown  in  Figs.  3g-l  and  4.  The  ligation  is  deemed  successful 
when  the  anterior  wall  of  the  LV  turns  pale  or  proved  by  the 
typical  ischemic  change  in  ECG  (S-T  segment  elevation, 
Fig.  5).  Suturing  the  LCA  is  also  a  critical  step  of  this  proce- 
dure; typically,  once  the  heart  is  popped  out,  using  the  left- 
hand  digital  finger  and  thumb  to  hold  the  heart,  find  the  LCA 
(see  Subheading  4),  and  using  right  hand  to  grab  the  needle 
holder  toothed  with  a  previously  prepared  6-0  suture,  suture 
the  LCA  (Fig.  31);  pull  the  needle  suture  with  the  left  digital 
finger  and  thumb  and  at  the  same  time  use  the  needle  holder 
to  put  pressure  on  the  right  side  of  the  chest  to  prevent  the 
heart  pull  back  (Fig.  3j);  and  then  replace  the  needle  holder 
with  the  right  middle  finger  to  press  the  right  side  of  the  chest 
(Fig.  3k)  and  make  the  knot  (Fig.  3k,  1). 

9.  After  ligation,  the  heart  is  immediately  placed  back  into  the 
intrathoracic  space  with  the  help  of  the  clamp  (Fig.  3m) 
followed  by  manual  evacuation  of  air  via  left  hand  (Fig.  3n,  o) 
and  closure  of  the  skin  incision  by  means  of  the  previously 
placed  purse-string  suture  (Fig.  3p). 

10.  The  mouse  is  then  allowed  to  breathe  room  air  and  monitored 
on  a  heating  blanket  during  the  recovery  period,  which  is  gen- 
erally complete  within  3-5  min.  No  artificial  respiratory  aid  is 
required  during  the  recovery  time. 

11.  The  sham  group  undergoes  the  same  surgical  procedures 
except  that  the  LCA  is  not  occluded. 

12.  One  dose  of  buprenorphine  (0.1  mg/kg)  is  administered  sub- 
cutaneously  (s.c.)  immediately  after  the  incision  is  closed. 

13.  Clean  surgical  tools  with  PBS  and  alcohol. 
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Fig.  4  Representative  graph  of  artery  and  vein  distribution  in  mouse  heart  (a)  and  left  coronary  artery  ligation 
site  in  mouse  heart  (b).  LA  left  atrial,  RA  right  atrial,  LCA  left  coronary  artery,  Z.l/1/left  ventricular  vein,  Sseptal 
branch  of  LCA,  L  left  ventricle  branches  of  LCA 
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Fig.  5  Representative  electric  cardiogram  recorded  at  baseline  and  2  min  after  left  coronary  artery  ligation  in 
mouse 


3.2  Method 
of  Induction  of 
Myocardial  l/R  Injury 
Without  Ventilation 


1.  This  I/R  injury  procedure  in  mice  is  essentially  the  same  as  the 
procedure  for  inducing  MI  except  that  a  slipknot  is  tied  around 
the  LCA  2-3  mm  from  its  origin  with  a  6-0  silk  suture  as 
shown  in  Fig.  6a.  The  heart  is  then  quicldy  placed  back  into 
the  thoracic  space  followed  by  manual  evacuation  of  air  and 
the  sldn  closing  (Fig.  6b,  c). 
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Fig.  6  Photographs  of  various  stages  of  the  novel,  rapid  l/R  injury  model  in  mice.  Mice  were  subjected  to  l/R 
using  the  same  surgical  procedure  as  Ml  except  that  a  slipknot  was  made  to  occlude  LCA  (a-c) 


2.  The  internal  needle  end  of  slipknot  suture  is  cut  as  short  as 
possible  and  the  other  end  of  the  suture  is  approximately 
0.8  cm  long  and  remains  outside  of  the  chest  (Fig.  6c). 

3.  After  30  min  of  ischemia,  the  slipknot  is  released  by  pulling  the 
long  end  of  slipknot  suture  smoothly  and  gendy  until  a  feeling 
of  release  is  sensed  at  which  time  the  myocardium  begins 
reperfusion.  This  outside-the-sldn  suture  knot  releasing  method 
should  only  be  attempted  by  the  experienced  surgeon. 

4.  Alternatively,  the  mouse  can  be  re-anesthetized  with  2  %  isoflu- 
rane  inhalation,  the  chest  reopened,  and  the  slipknot  released 
by  pulling  the  long  end  of  slipknot  suture  smoothly  and  gently, 
and  then  following  manual  evacuation  of  the  pneumothorax 
and  chest  closure. 

All  animals  should  be  monitored  after  the  surgery  and  should 
be  given  one  dose  (0.1  mg/kg)  of  buprenorphine  within  6  h  post 
surgery  with  another  dose  administered  the  following  morning. 
No  further  analgesia  is  needed  after  that. 


4  Notes 

1.  The  procedure  of  murine  model  of  MI  or  I/R  injury  without 
ventilation  is  technically  demanding  and  challenging.  Critical 
to  the  success  of  the  new  model  is  keeping  the  time  that  the 
heart  is  outside  the  body  to  a  minimum.  Based  on  our  experi- 
ence, which  now  totals  over  40,000  cases  in  mice,  the  time 
allowed  for  heart  externalization  should  be  no  more  than  30  s 
to  limit  global  hypoxia.  This  will  give  the  best  prognostic 
result.  Therefore  practice  is  the  key  to  success. 

2.  The  key  step  in  this  heart  "pop  out"  procedure  is  to  externalize 
the  heart  from  the  chest,  which  is  the  most  difficult  thing  for 
the  beginner. 

(a)  Technically,  the  two  hands  should  be  working  together; 
once  the  chest  is  open,  left-hand  digit  finger  and  thumb 
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should  push  down  and  the  middle  finger  should  be  on  the 
right  side  of  mouse  chest  and  push  toward  left  side.  Once 
the  heart  is  popping  out,  the  left  middle  figure  should 
keep  pressure  a  little  bit  to  prevent  the  heart  go  back  to 
the  chest. 

(b)  The  performer  should  avoid  pushing  too  hard  to  cause 
lung  damage. 

(c)  If  the  anesthesia  is  too  deep  the  heart  is  barely  beating  and 
it  will  be  even  more  difficult  to  externalize  the  heart.  The 
perfect  technique  actually  uses  the  force  of  the  beating 
heart  to  externalize,  essentially  "popping"  itself  out,  and 
the  fingers  guide  it. 

(d)  For  practice  purposes,  prior  to  perfecting  this  surgical 
model  we  recommend  ventilating  the  mouse  before  and 
after  popping  the  heart. 

3.  Localization  of  the  LCA  is  another  difficult  part  in  this  proce- 
dure and  should  be  based  on  earlier  studies  on  mouse  coronary 
circulation  by  Ann  et  al.  [6]  and  Michael  et  al.  [8].  Once  the 
heart  is  properly  externalized  (popped  out)  the  LCA  can  be 
visualized  as  being  light  red  in  color  (Fig  3  g).  The  artery  origi- 
nates at  the  aorta  and  goes  down  to  base  of  LV  on  the  left  side 
of  the  atria.  It  intercrosses  with  the  ventricular  vein  at  about 
the  middle  part  of  LV  toward  the  apex  (Fig.  4a).  The  suture 
for  the  coronary  artery  ligation  is  placed  between  the  inner 
upper  part  of  the  left  atria  and  the  intersection  of  the  artery/ 
vein  and  at  about  the  middle  part  of  that  segment  of  LCA 
(2-3  mm  from  aural  and  the  intersection  of  artery/vein 
(Fig.  4b)).  Since  the  trace  of  LCA  has  less  variation  at  this  part, 
ligation  at  this  level  will  induce  about  40  %  LV  myocardial 
infarction  in  MI  model  (Fig.  7a)  and  33  %  infarction  in  isch- 
emic area  (also  called  area  at  risk,  AAR)  in  I/R  model  at  24  h 
post  surgery  (Fig.  7b)  [15,  27,  31].  MI  at  this  level  also  causes 
significant  LV  functional  decline  and  structural  remodeling 
(Fig.  8)  [15,  16,18,27]. 

4.  One  of  the  advantages  of  this  new  procedure  is  that  the  pecto- 
ral muscles  remain  intact.  This  is  very  important  because  intact 
pectoral  muscles  are  necessary  to  cover  the  hole  (the  mini  tho- 
racotomy) after  the  heart  has  been  placed  back  to  the  thoracic 
space  and  eliminate  the  repairing  suture  of  the  muscle. 

5.  Bleeding  is  one  of  the  major  factors  that  contribute  to  the  early 
surgical  related  deaths  in  this  "heart  exteriorization"  MI  and 
I/R  mice  model.  Based  on  our  experience,  there  are  five  com- 
mon reasons  that  account  for  bleeding. 

(a)  First,  bleeding  can  arise  because  of  heart  puncture.  The 
heart  puncture  happens  when  the  clamp  punches  too  deep 
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a  Ml-24hrs 


Fig.  7  Representative  pictures  of  myocardial  infarction  from  ischemic  mouse  hearts,  (a)  Heart  section  stained 
with  TTC  from  Ml  model  at  24  h  post  Ml.  (b)  Heart  tissue  section  stained  with  Evan's  blue/TTC  from  l/R  model 
at  24  h  post  l/R.  The  white  color  indicated  a  dead  tissue,  the  red  color  indicated  a  viable  tissue,  and  the  blue 
color  shows  that  the  area  is  not  at  risk 


Sham  1  week  2  weeks 


4  weeks  8  weeks 


Fig.  8  Representative  Masson's  trichrome-stained  tissue  sections  from  sham  and  Ml  groups  at  1 ,  2, 4,  and  8 
weeks  post  Ml.  The  bar  graph  shows  the  left  ventricle  area  and  indicates  a  structure  remodeling  change 


and  damages  the  left  atrium  (through  the  third  intercostal 
space)  or  ventricle  (through  the  fourth  intercostal  space). 
The  bleeding  is  profuse  and  the  mouse  usually  dies  on  the 
table  or  within  few  hours  post  surgery.  To  avoid  this  prob- 
lem, adjust  the  deepness  of  the  clamp  and  choose  the  cor- 
rect intercostal  space. 
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(b)  Secondly,  rib  fracture  and  costal  artery  tear  can  cause 
bleeding,  which  occurs  most  often  when  the  surgeon  tries 
to  spread  the  opening  between  the  fourth  or  the  fifth 
intercostal  space  too  wide  against  the  ribs.  The  bleeding 
from  this  type  of  damage  is  usually  not  severe  and  stops 
spontaneously  in  approximately  50  %  of  cases.  To  avoid 
this  problem,  use  the  widest  intercostal  space  (fourth  to 
fifth  space)  and  be  cautious  to  spread  the  ribs  only  as  far  as 
necessary. 

(c)  A  third  cause  of  bleeding  is  from  the  damage  of  the  inter- 
nal mammary  artery.  The  internal  mammary  artery  goes 
perpendicularly  to  the  ribs  and  about  1-2  mm  apart  from 
the  sternum.  The  damage  of  this  artery  happens  when  the 
surgeon  tries  to  open  the  hole  too  widely  along  the  ribs 
with  the  clamp,  or  the  clamp  entry  point  is  too  close  to  the 
sternum.  Once  damaged,  the  bleeding  is  hard  to  stop.  To 
avoid  this,  use  the  widest  intercostal  space,  which  is  usually 
5  mm  away  from  the  sternum,  and  do  not  open  too  wide. 

(d)  A  fourth  cause  of  bleeding  is  tearing  of  pulmonary  vessels. 
Bleeding  from  a  torn  pulmonary  vessel  is  hard  to  stop  and 
is  usually  fatal.  This  damage  occurs  when  the  heart  is  exte- 
riorized and  pulled  too  far  out  of  the  chest.  The  key  to 
prevent  this  is  to  try  not  to  externalize  the  whole  heart;  in 
most  cases,  the  right  atria  should  be  in  the  thoracic  space 
and  left  atria  is  partially  in  the  thoracic  cage. 

(e)  Finally,  bleeding  can  occur  when  suturing  the  LCA. 
Bleeding  could  be  the  result  of  either  tearing  of  the  artery 
direcdy  or  wide  suturing  that  may  go  through  the  septa 
and  right  ventricle  (RV).  The  wall  of  the  RV  is  thin  and 
bleeding  from  the  hole  made  when  the  wide  suture  is  tied 
is  hard  to  stop.  The  animal  may  survive  the  MI  procedure 
itself  but  dies  usually  within  first  24  h.  MI  or  I/R  without 
ventilation  is  technically  a  challenging  procedure  but  with 
practice  can  be  learned  and  a  perfect  surgery  is  bloodless. 

6.  Pneumothorax  is  another  contributor  to  early  postsurgical 
death  and  occurs  when  the  operator  forgets  to  either  displace 
air  before  closing  the  suture  or  forgets  to  keep  the  "hole"  open 
with  a  mosquito  hemostatic  forceps  when  manually  evacuating 
air  out  of  the  thoracic  cavity. 
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Abstract 

Myocardial  infarction  (MI)  is  a  leading  cause  of  death  worldwide.  Permanent  ligation  of  the  left  anterior 
descending  coronary  artery  (LAD)  is  a  commonly  used  surgical  model  to  study  post-MI  effects  in  mice. 
LAD  occlusion  induces  a  robust  wound  healing  response  that  includes  extracellular  matrix  (ECM) 
remodeling.  This  chapter  provides  a  detailed  guide  on  the  surgical  procedure  to  permanently  ligate  the 
LAD.  Additionally,  we  describe  a  prototype  method  to  enrich  cardiac  tissue  for  ECM,  which  allows  one  to 
focus  on  ECM  remodeling  in  the  left  ventricle  following  surgically  induced  MI  in  mice. 

Key  words  Myocardial  infarction,  Cardiac  wound  healing,  Mice,  Extracellular  matrix,  Matrix 
metalloproteinases,  Inflammation,  Decellularization 


1  Introduction 

Over  the  last  40  years,  successful  cardiovascular  research  has  led  to 
increases  in  30-day  post-myocardial  infarction  (MI)  survival  rates 
of  60  %  in  the  1970s  to  current  rates  of  >90  %.  Based  on  this 
achievement,  the  current  therapeutic  challenge  has  shifted  from 
immediate  survival  issues  to  ways  to  improve  the  long-term  sur- 
vival of  patients  undergoing  cardiac  infarct  healing  [1,2].  Cardiac 
infarct  healing  in  the  left  ventricle  (LV)  is  referred  to  as  LV  remod- 
eling and  includes  changes  in  LV  size,  shape,  and  function  [3-5]. 

The  extent  of  LV  remodeling  is  dependent  on  the  severity  of 
the  following  component  events  that  occur  after  the  infarct: 
(1)  myocyte  death,  (2)  inflammatory  response,  (3)  granulation 
tissue  deposition  to  form  the  scar,  and  (4)  granulation  tissue 
remodeling  [6,  7].  Throughout  LV  remodeling,  the  critical  bal- 
ance  between   extracellular   matrix   (ECM)   degradation  and 
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deposition  influences  ventricular  function  and  patient  survival  [5,8]. 
Excessive  ECM  degradation  predisposes  the  LV  to  aneurysm  for- 
mation and  ventricular  rupture,  while  excessive  ECM  deposition 
may  result  in  arrhythmias  and  congestive  heart  failure  [8].  In  this 
chapter,  we  describe  an  established  murine  MI  model  followed  by 
a  protocol  to  enrich  the  ECM  content  during  the  LV  remodeling 
process  post  MI. 

The  surgically  induced  MI  model  presented  here  consists  of 
permanent  occlusion  of  the  LAD  at  the  site  where  it  emerges  from 
under  the  left  atrium.  This  chronic  infarct  model  evokes  an  antero- 
lateral, apical  LV  infarct  with  an  average  MI  size  that  equals  44  ±  2  % 
( n=  25)  of  the  total  LV  muscle  mass  by  day  7  post  MI  in  C57BL/6 
wild-type  mice  of  both  genders  [9-12].  The  mortality  associated 
with  the  MI  procedure  ranges  from  37  to  50  %  over  the  first  7  days 
and  is  primarily  due  to  ventricular  rupture,  sudden  cardiac  death, 
or  acute  heart  failure,  with  mortality  being  greater  for  male  mice 
[13].  This  model  is  suitable  for  cardiac  pathophysiology  studies  of 
MI  responses,  as  indicated  by  the  significantly  decreased  ejection 
fraction  at  day  7  post  MI  (64  ±  2  %  for  controls  versus  18  ±  2  %  post 
MI,  ^<0.05)  [11].  In  addition  to  inducing  progressive  wall  thin- 
ning, the  permanent  LAD  occlusion  model  induces  an  increase  in 
LV  dilation.  Further,  this  model  is  a  convenient  tool  to  investigate 
biochemical,  cellular,  and  molecular  responses  to  MI. 

The  advantage  of  using  the  mouse  permanent  occlusion  MI 
model  is  that  the  availability  of  genetically  modified  mice  makes 
this  a  practical  model  to  investigate  the  role  of  proteins  of  interest 
during  the  LV  remodeling  process.  A  constraint  of  using  this  ani- 
mal model  is  that  the  mouse  infarct  and  non-infarct  LV  tissue  sizes 
provide  limited  amounts  of  material.  Therefore,  the  experimental 
design  and  execution  must  be  carefully  planned  in  order  to  com- 
pletely test  the  hypothesis  under  investigation.  It  is  important  to 
account  for  the  mortality  rate  when  determining  the  number  of 
animals  required  for  the  study,  in  order  to  have  an  appropriate 
sample  size. 

The  quality  control  for  infarct  confirmation  in  our  permanent 
occlusion  MI  model  is  based  on  visual  inspection  of  the  LV  for 
blanching,  electrocardiogram  (EKG)  assessment  for  ST  segment 
elevation,  and  imaging  by  two-dimensional  echocardiography.  For 
every  mouse,  baseline  echocardiograms  of  the  long  and  short  axes 
should  be  recorded  and  analyzed  before  surgery  to  assure  that  the 
animals  have  normal  LV  function.  During  the  surgery,  an  EKG  is 
used  to  continuously  monitor  the  animal.  Post  surgery,  LV  func- 
tion is  assessed  by  echocardiography  after  3  h  and  serial  echocar- 
diograms are  recorded  for  up  to  4  weeks  post  MI.  At  the  time  of 
sacrifice,  the  LV  is  dissected,  sectioned  into  three  slices  (apex,  mid- 
cavity,  and  base),  and  stained  using  1  %  2,3,5-triphenyltetrazolium 
chloride  (TTC).  Viable  myocardium  stains  red,  which  facilitates 
infarct  sizing  [14]. 
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The  decellularization  protocol  that  follows  the  permanent 
LAD  occlusion  surgery  is  a  perfusion- free  version  of  the  procedure 
described  for  rats  [15].  In  addition  to  decellularizing  the  heart  to 
remove  cellular  constituents,  the  glycosaminoglycans,  collagen 
type  I,  collagen  type  III,  laminin,  and  fibronectin  that  form  the 
scaffold  are  preserved  [15].  The  ECM  enrichment  process 
described  below  yields  a  fully  functional  three-dimensional  scaffold 
that  facilitates  investigation  of  ECM  responses  post  MI  [15]. 


2  Materials 


2.1    Mouse  All  animal  procedures  should  be  conducted  according  to  the  Guide 

Intubation  and  for  the  Care  and  Use  of  Laboratory  Animals  and  need  to  be  reviewed 

Coronary  Artery  and  approved  by  the  appropriate  institutional  animal  care  and  use 

Ligation  committee. 

1.  Paper  towels  and  examination  gloves. 

2.  Glass  bead  sterilizer. 

3.  Surgical  instruments  (Fig.  1). 

4.  Oxygen  cylinder  equipped  with  regulator. 

5.  Isoflurane. 

6.  Induction  chamber  for  anesthesia. 

7.  Mouse  Surgery  Board  (Fig.  2A). 

8.  Light  source  (Fig.  2B)  and  surgical  microscope  (Fig.  2C). 

9.  Mouse  ventilator  equipped  with  a  mouse  nose  cone  (Fig.  2D). 

10.  Anesthetic  vaporizer  (Fig.  2E). 

11.  Surgical  tape. 

12.  Hair  remover  lotion  (Nair®). 

13.  Cotton-tipped  applicators. 

14.  EtOH  (70  %  [v/v]  solution  in  H20). 

15.  Povidone -Iodine  Prep  Solution  USP  (Betadine). 

16.  EKG  recording  system  (iWorx  Software)   and  computer 
(Fig.  2F). 

17.  IV  catheter  20  gaxl. 

18.  Sterile  sutures. 

3-0  AROSurgical™  (Black  Polyamide  Monofilament)  sterile 
suture. 

6-0  Ethicon  Prolene  (Polypropylene)  sterile  suture. 

8-0  AROSurgical™  (Black  Polyamide  Monofilament)  sterile 
suture. 

19.  Gauze  sponges  (100  %  cotton,  4  in.  x4  in.,  8-ply). 
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a    is  - 


b 


Instrument 

Company 

Catalog  # 

(a)  blunt-end,  curved  forceps 

Fine  Science  Tools 

11054  -10 

(b)  extra-fine,  curved  forceps 

Fine  Science  Tools 

11151-10 

(c)  blunt-ended,  curved  scissors 

Fine  Science  Tools 

14041-10 

(d)  Vannas-Tubingen  angled,  scissors 

Fine  Science  Tools 

15005-08 

(e)  Castroviejo  needle  holder 

Biomedical  Research  Instruments 

20-1340 

(f)  Mini-Goldstein  retractor 

Fine  Science  Tools 

17002-02 

(g)  Modified  3-0  Sterile  Suture 

ARO  Surgical 

001-SP24A03N-45 

Fig.  1  (a)  Instruments  recommended  for  the  surgical  procedure,  (b)  Instrument  names  and  catalogue  numbers 


2.2  Extracellular 
Matrix 

Decellularization  and 
Proteomic  Analysis 


20.  0.9  %  Sodium  Chloride  Irrigation  Solution  USP. 

21.  Buprenorphine  hydrochloride. 

1.1%  Sodium  dodecyl  sulfate  [w/v]  in  distilled,  deionized  water. 

2.  Distilled,  deionized  water. 

3.  lx  Complete  Mini  Protease  Inhibitor  cocktail  with  1  mM 
EDTA. 

4.  Protein  extraction  reagent  type  4. 

5.  5  mL  Round-bottom  tubes. 

6.  1.5  mL  tube. 

7.  Gyro  Twister™  3D  Shaker. 

8.  Homogenizer. 


Cardiac  Wound  Healing  Post-MI 


317 


Fig.  2  Surgical  equipment  and  setup  include  (A)  surgical  board,  (B)  microscope 
light  source,  (C)  microscope,  (D)  rodent  ventilator,  (E)  vaporizer,  and  (F)  EKG  sys- 
tem with  computer 


3  Methods 


3.1  Mouse 
Intubation  and 
Coronary  Artery 
Ligation 


Pre-surjjical  Preparation 

1 .  Sterilize  surgical  instruments  using  the  glass  bead  sterilizer  for 
12-15  s  per  instrument. 

2.  Place  the  mouse  in  the  induction  chamber. 

3.  Adjust  vaporizer  to  instill  a  2  %  isoflurane  in  100  %  oxygen  mix 
into  induction  chamber. 

4.  Induce  anesthesia:  30-s  to  1-min  exposure  or  until  mouse  is 
unconscious. 

5.  Move  mouse  to  a  warm  surgical  board  and  place  anesthetic 
nose  cone  over  the  face  of  the  mouse. 

6.  Administer  inhalant  anesthetic  to  maintain  an  unconscious 
state,  i.e.,  2  %  isoflurane  and  100  %  oxygen  mix  via  ventilator. 
Adjust  stroke  volume  and  ventilation  rate  according  to  the 
manufacturer's  recommendations . 

7.  Place  the  mouse  in  a  supine  position;  tape  its  paws  and  base  of 
the  tail  to  the  surgical  board  (Fig.  3). 

8.  Using  a  cotton-tipped  applicator,  gently  apply  Nair®  to  the 
thorax  and  neck  area  to  remove  hair. 

9.  Sanitize  the  neck  and  thorax  with  a  gauze  containing  70  % 
EtOH  followed  by  a  gauze  containing  betadine. 
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Fig.  3  Pre-surgical  preparation  and  immobilization  of  mouse.  The  mouse  is  in  the 
supine  position  and  immobilized  at  paws  and  base  of  tail,  under  anesthesia 
delivered  through  a  mouse  nose  cone.  Area  to  be  shaved  and  surgical  incisions 
are  indicated  by  the  broken  lines 


Intubation  Procedure 

1.  Insert  needle  electrodes  into  the  subcutaneous  space  of  the 
forelimbs  and  hindlimbs  to  monitor  the  animal's  EKG.  Record 
baseline  EKG. 

2.  Make  a  1  cm  longitudinal  incision  on  the  ventral  midline  of  the 
neck  (Fig.  4a)  exposing  the  submandibular  glands;  use  blunt 
dissection  to  expose  the  sternothyroid  muscles  (see  Fig.  4b  and 
Note  1). 

3.  Retract  the  sternothyroid  muscles  laterally  to  expose  the  ven- 
tral aspect  of  the  trachea  (Fig.  4c). 

4.  Before  intubation,  isoflurane  percentage  may  be  increased  for 
a  brief  period  in  order  to  increase  the  level  of  anesthesia  and 
facilitate  intubation. 

5.  The  nose  cone  is  removed;  a  10-15  cm  piece  of  string  is  placed 
around  the  upper  incisors  and  gentle  traction  is  applied  crani- 
ally  so  that  the  airway  is  open  and  straight. 

6.  To  intubate,  lift  the  tongue  with  forceps  and  guide  20  ga  IV 
catheter  into  trachea  with  IV  catheter  needle  as  support  while 
monitoring  with  microscope  to  ensure  clear  passage.  Advance 
the  cadieter  until  the  tip  is  visible  within  the  trachea  through  the 
neck  incision  (Fig.  4d).  The  tip  of  the  catheter  can  be  colored 
with  a  black  marker  to  facilitate  visualization  within  the  trachea. 

7.  Remove  the  support  needle  and  connect  the  anesthesia  tubing 
from  the  nose  cone  to  the  IV  catheter.  Once  intubated,  isoflu- 
rane percentage  should  be  adjusted  to  2  %  and  the  stroke  volume 
and  stroke/min  adjusted  based  on  the  size  of  the  animal. 
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Fig.  4  Intubation  procedure,  (a)  The  incision  for  intubation  is  made  using  the  submandibular  glands  as  a 
landmark,  (b)  Beneath  submandibular  glands  the  sternothyroid  muscles  cover  the  trachea,  (c)  Retraction  of  the 
sternothyroid  muscles  allows  for  visualization  of  the  base  of  trachea,  (d)  The  catheter  is  properly  guided  using 
the  incision  located  in  the  neck  area 


Ligation  Procedure 

1.  Cut  a  1  cmx  1  cm  strip  of  gauze  and  place  in  saline. 

2.  Make  a  1-1.5  cm  transverse  incision  at  mid-thorax  starting  left 
of  ventral  midline  and  extending  laterally,  parallel  to  the  ribs 
and  approximately  2  cm  below  the  left  axilla. 

3.  Use  blunt  dissection  to  expose  the  left  pectoralis  major  mus- 
cles. Place  a  3-0  retention  suture  around  the  muscles  and 
retract  toward  the  right  shoulder  of  the  mouse  in  order  to 
expose  the  rib  cage  (Fig.  5a,  b). 

4.  Place  additional  3-0  retention  suture  around  the  left  rectus 
thoracis  and  serratus  ventralis  muscles.  Retract  these  muscles 
toward  the  left  side  of  the  mouse  and  affix  the  retention  suture 
with  tape  to  the  surgical  board  as  close  to  the  body  of  the 
mouse  as  possible  (Fig.  5a,  b). 

5.  Bluntly  dissect  the  muscle  striations  at  the  intercostal  space 
between  the  third  and  fourth  ribs  to  make  a  0.25  cm  incision 
that  penetrates  into  the  thoracic  cavity  (Fig.  5b). 

6.  Place  the  strip  of  gauze  into  the  thoracic  incision  and  gently 
push  down  toward  lungs  (Fig.  5c).  It  is  important  to  avoid 
damage  to  the  lungs. 
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Fig.  5  Ligation  procedure,  (a)  Incision  and  identification  of  the  muscle  layers  covering  the  rib  cage,  (b)  Retraction 
of  muscle  layers  and  location  of  the  third  intercostal  space,  (c)  Position  of  the  gauze  to  protect  the  lungs  and 
assist  with  the  intercostal  incision,  (d)  Position  of  LAD  ligation  with  respect  to  left  atrium,  (e)  Relocation  of 
muscle  layers  and  (f)  suturing  the  skin  incisions 


7.  Slowly  enlarge  the  thoracic  incision  to  approximately  1  cm 
long  using  blunt  dissection  technique  applied  medially  and  lat- 
erally while  using  the  gauze  to  protect  the  lungs. 

8.  Apply  the  Mini-Goldstein  retractor  to  the  incision  and  gently 
spread  ribs  in  order  to  clearly  visualize  the  left  atrium  and  left 
ventricle  (Fig.  5d). 

9.  Use  fine  forceps  and  blunt-ended  curved  scissors  to  remove 
pericardium  and  provide  access  to  the  left  ventricular  free  wall 
for  identification  of  the  left  anterior  descending  coronary 
artery  (LAD).  Identifying  the  artery  is  required  for  successful 
occlusion.  For  references  on  the  murine  coronary  artery  anat- 
omy, please  see  refs.  9,  16. 

10.  Using  a  Castroviejo  needle  holder,  guide  an  8-0  suture  under 
the  LAD  1  mm  distal  to  the  left  atrium  and  ligate  securely  with 
a  square  knot. 

11.  Confirm  a  discrete  blanched  region  on  the  LV  under  micro- 
scope and  ST  segment  elevation  on  the  EKG. 

12.  Remove  the  rib  retractor. 

13.  Place  one  6-0  suture  to  encircle  the  outer  edges  of  the  sepa- 
rated ribs,  remove  the  gauze,  and  secure  the  knot  so  that  the 
ribs  are  repositioned  in  the  chest  and  the  incision  is  closed. 
Remember  to  double-check  that  the  gauze  was  removed  prior 
to  closing  the  chest. 

14.  Remove  the  retention  sutures  and  reposition  the  retracted 
muscle  layers  of  the  chest  (Fig.  5e). 
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Day  3  Day  5 


Fig.  6  Decentralization  process  of  the  whole  heart,  (a)  Representative  day  0  images  of  freshly  dissected  heart 
ventricle  and  atria  in  saline  (left)  and  1  %  SDS  (right),  (b-d)  Representative  images  of  (b)  day  2,  (c)  day  3,  and 
(d)  day  5  whole  heart  in  saline  (left)  and  1  %  SDS  (right) 


15.  Close  the  thoracic  and  neck  incisions  using  6-0  suture  (see 
Fig.  5f  and  Note  2). 

16.  Administer  Buprenex  (0.1  mg/kg  IP). 

17.  Remove  all  the  tape,  and  turn  off  isoflurane  but  allow  the  oxy- 
gen to  continue  to  flow. 

18.  Move  the  mouse  to  the  prone  position  and  extubate.  After 
extubation,  spontaneous  breathing  should  begin  immediately. 

19.  Remove  the  EKG  needle  electrodes. 

20.  Place  animal  in  a  37  °C  incubator  to  recover  (see  Notes  3  and  4). 
Day  0  (Fig.  6a) 

1.  Dissect  the  LV  and  separate  remote  from  infarct  tissue,  based 
on  TTC  staining. 

2.  Record  infarct  and  remote  wet  tissue  weight  separately. 

3.  Incubate  remote  and  infarct  tissue  separately  in  a  round- 
bottom  tube  containing  4mL  of  distilled  H20  with  lx  prote- 
ase inhibitor  for  30  min  with  gentle  shaking. 

4.  Decant  the  solution  and  replace  with  1  %  SDS  with  lx  protease 
inhibitor  cocktail  at  room  temperature  for  24  h  with  gentle 
shaldng. 
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Day  1 

1.  Collect  1  mL  of  the  supernatant,  discard  the  remaining 
solution,  and  replace  with  fresh  1  %  SDS  with  lx  protease 
inhibitor  cocktail  for  24  h  with  gentle  shaking. 

Day  2  (Fig.  6b),  Day  3  (Fig.  6c),  and  Day  4 

1 .  Each  day,  discard  the  solution  and  replace  with  fresh  1  %  SDS 
with  lx  protease  inhibitor  cocktail  at  room  temperature  for 
24  h  with  gentle  shaking. 

Day  5  (Fig.  6d) 

1 .  Discard  the  solution  and  wash  decellularized  tissue  with  2  mL 
of  distilled  H20  with  1  x  protease  inhibitor  for  5  min  with  gen- 
tle shaking  (see  Note  5). 

2.  Discard  the  solution  and  wash  with  4  mL  of  distilled  H20  with 
lx  protease  inhibitor  for  24  h  with  gentle  shaldng. 

3.  Discard  the  solution  and  transfer  decellularized  tissue  to 
1.5  mL  tube  and  add  Sigma  reagent  4  with  lx  protease  inhibi- 
tor cocktail  at  5  ^L  for  every  1  mg  of  wet  tissue  weight. 

4.  Homogenize  the  tissue  for  5  s,  four  times  with  1-min  intervals. 

5.  Sonicate  the  homogenate  for  5  s,  four  times.  Incubate  the  sam- 
ple at  30  °C  for  1  h. 

6.  Store  at  -80  °C. 

7.  Rewarm  the  sample  to  30  °C  for  1  h  before  determining  pro- 
tein concentration  assay. 


4  Notes 

1.  Blunt  dissection  is  the  primary  technique  used  in  this  surgical 
procedure.  The  only  steps  that  require  the  use  of  surgical  scis- 
sors are  step  2  during  intubation  and  steps  2,  7,  and  9  during 
the  ligation  procedure. 

2.  When  performed  correctly,  no  bleeding  should  occur  through- 
out the  entire  procedure.  However,  if  blood  loss  occurs,  saline 
can  be  injected  intraperitoneally. 

3.  Average  time  for  the  entire  procedure  is  25-30  min. 

4.  Representative  baseline  and  post-MI  EKGs,  echocardiograms, 
and  TTC-stained  images  are  shown  in  Fig.  7. 
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Fig.  7  Control  (a-c)  and  post-MI  (d-f)  EKGs,  echocardiograms,  and  TTC-stained  images,  (a)  Murine  EKG,  (b) 
long-axis  echocardiogram,  and  (c)  TTC-stained  left  ventricle  in  control  mice,  (d)  15-min  post-MI  EKG,  (e)  day 
7  post-MI  long-axis  echocardiogram,  and  (f)  matching  day  7  TTC-stained  left  ventricle 


5.  Decellularized  tissue  appears  translucent  in  color.  If  the  tissue 
still  appears  yellow  in  the  center  after  5  days,  add  fresh  1  %  SDS 
with  1  x  protease  inhibitor  cocktail  and  continue  to  incubate  at 
room  temperature  for  an  additional  24  h. 
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Chapter  19 


Injury  Models  to  Study  Cardiac  Remodeling  in  the  Mouse: 
Myocardial  Infarction  and  Ischemia-Reperfusion 

Daniel  J.  Luther,  Charles  K.  Thodeti,  and  J.  Gary  Meszaros 
Abstract 

Deep  tissue  wound  healing  requires  a  complex  sequence  of  several  factors  working  in  unison  to  repair  the 
organ  at  risk.  Myocardial  infarction  (MI)  is  particularly  complex  due  to  several  local  and  systemic  factors 
mediating  the  repair  process  within  the  heart.  The  wound  healing  process  during  this  time  is  critical — the 
cardiac  myocytes  are  at  risk  of  apoptotic  cell  death,  autophagy,  and  necrosis.  During  the  early  remodeling 
period,  the  fibroblasts  and  myofibroblasts  play  critical  roles  in  infarct  scar  formation,  a  process  that  is 
greatly  influenced  by  a  robust  inflammatory  response.  Construction  of  the  infarct  scar  is  a  "necessary  evil" 
that  helps  to  limit  expansion  of  the  infarction;  however,  the  collagen  and  matrix  deposition  will  often 
spread  to  the  healthy  areas  of  the  heart,  causing  reactive  fibrosis  in  areas  remote  from  the  original  damage. 
This  chapter  outlines  in  detail  the  procedures  for  two  myocardial  infarction  injury  models  as  well  as  how 
to  quantify  the  size  of  the  experimentally  induced  injury.  These  procedures  are  critical  to  the  development 
of  in  vivo  approaches  to  study  myocardial  injury,  particularly  for  use  in  knockout  and  transgenic  mice. 

Key  words  Myocardium,  Ischemia,  Cardiac  remodeling,  Fibrosis,  Extracellular  matrix,  Collagen 


1  Introduction 

Myocardial  infarction  (MI)  continues  to  be  the  leading  clinical 
cause  of  heart  failure  and  mortality.  Depending  on  the  severity  of 
MI,  the  heart  may  undergo  a  complexity  of  structural  changes 
known  as  ventricular  remodeling  that  begins  with  compensatory 
hypertrophy;  however,  decompensation  ensues  leading  to  chamber 
dilation,  wall  thinning,  reparative  fibrosis  in  the  infarcted  region, 
and  reactive  fibrosis  in  remote  regions  [1-5].  At  the  cellular  level, 
cardiac  fibroblasts  and  myofibroblasts  are  the  key  mediators  of 
remodeling  by  producing  several  types  of  collagen,  the  vast  major- 
ity being  the  fibrillar  type  I  collagen;  however,  other  fibrillar  and 
non-fibrillar  collagens  are  also  synthesized  during  injury  repair. 
Both  of  these  cell  types  can  synthesize  and  secrete  collagen; 
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however,  the  myofibroblasts  are  hypersecretory  and  considered  as 
specialized  wound  healing  cells. 

The  majority  of  the  initial  studies  on  cardiac  remodeling  and 
fibrosis  were  based  on  in  vitro  models  using  cardiac  fibroblasts  iso- 
lated from  rat  hearts.  This  work  was  important  to  characterize  the 
fibroblast  phenotype  and  to  identify  the  hormonal  and  mechanical 
mediators  of  cardiac  fibroblast  function.  This  in  vitro  work  was 
viewed  as  being  largely  descriptive  by  several  investigators  and  with 
the  movement  towards  translational  research,  it  was  clear  that 
those  who  studied  reparative  wound  healing  in  the  heart  would 
have  to  develop  in  vivo  models  of  cardiac  injury  and  repair. 

Our  laboratory  also  performed  our  initial  studies  on  isolated 
cardiac  fibroblasts  using  an  in  vitro  cell-matrix  model  that  initially 
involved  comparisons  of  how  these  cells  responded  to  various  extra- 
cellular matrix  substrates.  We  first  compared  several  types  of  puri- 
fied collagens  as  substrates  for  the  fibroblasts,  and  measured  which 
types  of  collagen  could  alter  cardiac  function  in  terms  of  prolifera- 
tion and  myofibroblast  differentiation.  We  found  that  type  I  and  III 
collagen  botii  induced  proliferation;  however,  the  most  interesting 
observation  was  that  type  VI  collagen  was  capable  of  inducing  myo- 
fibroblast differentiation  [6].  We  speculated  that  this  non-fibrillar 
collagen,  which  was  previously  thought  to  be  of  minor  importance 
in  the  heart,  may  possibly  play  a  larger  role  in  the  cardiac  remodel- 
ing process  by  mediating  the  fibroblast-to-myofibroblast  transition 
during  injury.  To  test  this,  we  developed  the  MI  mouse  model  in 
our  laboratory  which  can  be  extended  to  any  future  mouse  models 
that  investigators  may  want  to  pursue. 

We  used  the  collagen  VI  knockout  mouse  originally  developed 
and  described  by  Bonaldo  and  colleagues  as  a  model  for  Bethlem 
myopathy  [7,  8].  These  mice  suffer  from  early  apoptosis  of  the 
skeletal  myocytes  as  they  age,  causing  progressive  weakness  and 
limited  life  span.  Given  this,  we  predicted  that  similar  loss  of  func- 
tion would  occur  in  the  hearts  of  these  animals,  particularly  after 
induction  of  MI  injury.  Surprisingly,  we  have  discovered  that  the 
lack  of  type  VI  collagen  actually  improves  cardiac  remodeling  and 
function  following  MI,  results  that  were  completely  unexpected. 
Our  work  on  this  knockout  model  is  ongoing  as  we  search  for  the 
critical  mechanisms  leading  to  the  improved  remodeling  and  car- 
dioprotection.  Importantly,  we  believe  that  this  potentially  novel 
role  for  collagen  VI  in  myocardial  remodeling  would  not  have 
been  uncovered  without  applying  the  MI  injury  model  to  this 
knockout  model  and  in  vivo  models  of  MI  are  indispensable  tools 
for  studying  the  role  of  collagens  as  well  as  other  key  proteins  in 
the  in  vivo  setting.  In  this  chapter,  we  describe  in  detail  protocols 
for  mouse  models  of  MI  and  ischemia-reper fusion  (I-R)  injury 
along  with  the  assessment  of  infarct  size.  These  methodologies  can 
provide  a  means  to  bridge  in  vitro  studies  to  the  whole  animal  and 
create  new  avenues  and  targets  for  translational  studies  in  cardiac 
remodeling. 
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2  Materials 

2.1    Mouse  Model  Of         1.  Drugs: 

Myocardial  Infarction  ^)  Anesthetic:  Nembutal®  Sodium  Solution  (sodium  pento- 

barbital, 50  rag/mL).  Immediately  prior  to  use,  dilute 
Nembutal  solution  in  0.9  %  saline  to  achieve  20  mg/mL 
concentration.  Dosage:  70  mg/kg,  intraperitoneal  (i.p.) 
injection. 

(b)  Atropine  sulfate:  Dosage:  0.04  mg/kg,  intramuscular 
(i.m.)  injection. 

(c)  Ketofen®  (Ketoprofen):  Dosage:  3  mg/kg,  subcutaneous 
(s.c.)  injection. 

(d)  1  %  Lidocaine  HC1. 

(e)  2  %  Lidocaine  HC1  Oral  Topical  Solution  (Viscous). 

(f)  Penject  (Penicillin  G  w/  Procaine):  Dosage:  44,000  units/ 
kg,  s.c. 

2.  Surgical  tools: 

(a)  Two  curved  forceps. 

(b)  Scalpel  w/no.  10  blade. 

(c)  Strabismus  scissors — curved/blunt-blunt/11.5  cm. 

(d)  Spring  scissors — slightly  curved/sharp/15  mm  cutting 
edge. 

(e)  Olsen-Hegar  needle  holder  with  scissors — 12  cm  w/lock. 

(f)  Castroviejo  micro  needle  holder — straight/smooth/9  cm 
w/lock. 

(g)  COOK  eye  speculum  (used  as  rib  spreaders). 

(h)  Small  cauterizer. 

3.  Suture: 

(a)  6-0  Ethilon®,  nylon  suture  w/reverse  cutting  (C-2) 
needle. 

(b)  6-0  Vicryl®,  polyglactin  suture  w/taper  (RB-1)  needle. 

(c)  8-0  Ethilon®,  nylon  suture  w/taper  (BV130-5)  needle. 

4.  MiniVent  Type  845  mouse  ventilator. 

5.  ECG  apparatus— PowerLab®  4/25T 

6.  Betadine®  solution  (10  %  providone-iodine). 

7.  Naif1®  hair  removal  gel. 

8.  Intubation  tube  (PE-60  tubing  approximately  45-50  mm 
long). 

9.  5  mL  Syringe  w/blunted  23  G  needle  fitted  w/PE-50  tubing 
(chest  tube). 
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10.  Rectal  temperature  probe. 

11.  Surgical  lamp  (120  W). 

12.  Heating  lamp  (60  W). 

13.  70  %  (v/v)  EtOH  in  H20. 

14.  Lactated  Ringer's  solution. 

15.  Sterilized  H20. 

16.  Surgical  gauze,  tape,  and  cotton-tipped  applicators. 
2.2  Ischemia/              1.  See  Subheading  2.1,  items  1-16. 

Reperfusion  Surgery         2.  3-4  mm  piece  of  PE-90  tubing  (used  as  snare  for  LAD 

ligation). 
3.  Timer. 


2.3    Whole-Animal  1.  Anesthetic.  Fatal-Plus®  Solution  (pentobarbital  sodium  solu- 

Perfusion  (Gravity  Fed)  tion,  390  mg/mL):  Dosage:  1  mL/10  lbs  (as  indicated  on 

bottle). 

2.  Heparinized  normal  saline  [heparin  sodium,  10  U/mL  of 
0.9  %  NaCl  in  H20  (DEPC-H20  if  for  RNA  in  situ)]. 

3.  Fixative.  4  %  Paraformaldehyde,  made  immediately  prior  to  use. 

4.  Phosphate -buffered  saline  (PBS). 

5.  70  %  (v/v)  EtOH  in  H20. 

6.  Perfusion  apparatus: 

(a)  60  cc  Syringe  housing  (no  plunger)  (used  as  vessel  for 
holding  fixative — alternative  vessels  can  be  substituted, 
i.e.,  Empty  Saline  I.V.  Bag). 

(b)  Tygon®  Formula  3350  silicone  tubing  (I.D.:  1/16  in. 
(1.6  mm);  wall  thickness:  1/32  in.  (0.8  mm);  O.D.: 
1/8  in.  (3.2  mm). 

(c)  Male-to-male  Luer  fitting. 

(d)  2-way  stopcock. 

(e)  Two  23  g  1"  needles  (one  needle  can  be  broken  off  from 
Luer  stub  adapter  with  a  pair  of  hemostats — care  must  be 
taken  not  to  pinch  needle  closed  when  removing). 

(f)  12"  PE-50  tubing. 

7.  Rng  stand  (200  cm  minimum  height). 

8.  5-10  mL  vials  w/lid  for  samples. 

9.  Surgical  scissors. 

10.  Curved  forceps. 

11.  Hemostat. 

12.  Absorbent  pad. 

13.  Surgical  gauze,  tape,  and  cotton-tipped  applicators. 
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2.4    Infarct  Size  1.  Anesthetic.  Fatal-Plus®  Solution  (pentobarbital  sodium  solu- 

Assessment:  tion,  390  mg/mL):  Dosojje:  1  mL/10  lbs  (as  indicated  on 

TTC  Method  bottle). 

2.  Heparinized  normal  saline  (heparin  sodium,  10  U/mL  of 
0.9  %  NaCl  in  H20). 

3.  2,  3,  5-triphenyltetrazolium  chloride  (TTC)  (1  %  w/v  in  PBS). 
4.2%  Evan's  blue  dye. 

5.4%  Paraformaldehyde,  made  immediately  prior  to  use. 

6.  PBS. 

7.  70  %  (v/v)  EtOH  in  H20. 

8.  Perfusion  apparatus  (see  Subheading  2.3)  23  G  needle  should 
be  blunted  for  this  procedure. 

9.  Shaking  water  bath  (37  °C). 

10.  Acrylic  heart  matrix  (mouse,  1.0  mm  section  width). 

11.  Western  blotting  glass  spacer  slide  (1.0  mm  spacing)  and  flat 
glass  cover  slide. 

12.  Four  small  binder  clips. 

13.  Micro-centrifuge  tubes  (1.7  mL). 

14.  12-Well  plate. 

15.  Razor  blades. 

16.  5-0  silk  suture. 

17.  Surgical  scissors. 

18.  Small,  fine  spring  scissors  (2  mm  cutting  edge). 

19.  Curved  forceps. 

20.  Duraont  #5  fine  forceps. 

21.  Hemostats. 

22.  Absorbent  pad. 

23.  Surgical  gauze,  tape,  and  cotton-tipped  applicators. 


3  Methods 

3.1    Myocardial  1.  Prepare  fresh  aliquot  of  diluted  Nembutal®  for  anesthesia. 

Infarction  Surgery  2.  Once  animal  is  weighed  and  drug  doses  are  calculated,  admin- 

ister atropine  sulfate  (i.m.)  as  a  preanesthetic. 

3.  After  5  min,  gently  grasp  mouse  by  the  tail  between  two  fin- 
gers and  with  the  same  hand  grab  the  scruff  on  the  back  of  the 
neck.  Invert  mouse  and  inject  anesthesia  approximately  1/3  of 
the  way  up  the  abdomen  into  the  peritoneal  cavity. 

4.  Isolate  mouse  in  separate  cage  under  a  heating  lamp  (60  W) 
approximately  18-24"  away  from  source.  Allow  animal  to  rest 
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Fig.  1  (a)  Surgical  materials  and  instruments  for  Ml  and  l/R  surgery,  (b)  Secure  animal  on  a  surgical  platform 
in  the  supine  position.  Insert  rectal  temperature  probe  and  ECG  limb  leads,  (c)  Remove  hair  from  the  neck  and 
chest  of  animal  and  prep  skin  with  Betadine®  solution.  Make  a  small  (<1  cm)  incision  in  the  neck  of  the  mouse, 
(d)  Blunt  dissection  of  the  submaxillary  gland  and  underlying  muscles  with  forceps  to  expose  the  trachea. 
Black  tip  of  intubation  tube  (PE-60  tubing)  is  shown  inside  the  trachea 


undisturbed  for  approximately  5-10  min.  After  10  min  check 
reflexes  by  toe -pinch  method  (see  Note  1). 

5.  Once  animal  is  at  an  adequate  plane  of  anesthesia,  remove 
from  cage  and  place  in  the  supine  position  onto  a  surgical 
table.  Secure  limbs  using  surgical  tape.  Secure  the  head  by 
hooking  the  incisors  with  a  loop  of  suture,  pulling  taut  and 
securing  the  other  end  with  a  tape  or  a  pin  (Fig.  lb). 

6.  Insert  rectal  temperature  probe  and  ECG  limb  electrodes. 
Temperature  should  be  maintained  between  36  and  37  °C. 
A  heat  lamp  may  be  necessary  in  addition  to  the  surgical  lamp  in 
order  to  maintain  the  desired  temperature  range  (see  Note  2). 

7.  Apply  a  dime  sized  amount  of  Nair®  to  the  chest  and  neck  of 
the  animal  and  rub  into  the  hair.  Wait  for  1  min  and  remove 
hair  with  moistened  gauze. 

8.  Apply  Betadine®  solution  to  the  center  of  chest  and  work 
outwards. 

9.  Using  the  scalpel,  make  a  small  <1  cm  incision  over  the  neck 
along  the  sagittal  plane  of  the  animal.  Blunt  dissect  the 
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underlying  submaxillary  gland  and  sternohyoid  muscle  along 
the  natural  divisions  of  each  to  visualize  the  trachea  (Fig.  lc). 

10.  To  intubate  the  animal,  first,  lubricate  the  beveled  tip  of  the 
intubation  tube  (PE-60  tubing)  with  2  %  lidocaine  oral  gel. 
Next,  with  one  hand,  grasp  the  tongue  and  gently  lift  and 
move  to  the  side  as  you  insert  intubation  tube  at  a  slightly 
upward  angle  with  the  other  hand.  Once  in  the  oral  cavity  you 
can  release  the  tongue  and  with  sterile  forceps  open  the  win- 
dow to  the  trachea  so  that  you  can  visualize  the  intubation 
tube  once  inside  the  trachea.  Gendy  insert  the  intubation  tube 
into  the  trachea  until  the  tip  is  visible  through  the  neck  incision 
(Fig.  Id)  (see  Notes  3-4). 

11.  Once  intubated,  check  for  normal  breathing  patterns  to  ensure 
that  airway  and  tube  are  not  obstructed.  When  breathing  is 
stable,  connect  to  the  ventilator  and  begin  to  ventilate  with 
room  air  (see  Notes  5-6). 

12.  Using  6-0  nylon  suture,  close  neck  incision. 

13.  While  paying  close  attention  to  the  intubation,  carefully  rotate 
mouse  onto  its  right  side  and  prop  with  gauze  pillow  secured 
with  tape. 

14.  Locate  the  axilla  and  tip  of  sternum.  Make  a  transverse  skin  inci- 
sion on  the  left  side  of  animal  halfway  between  these  points 
extending  from  the  sternum  to  the  lateral  side  of  chest  (Fig.  2a). 

15.  Dissect  pectoral  muscles  to  visualize  ribs.  Begin  to  perform  left 
thoracotomy  between  the  fourth  and  fifth  rib  using  sharp 
spring  scissors.  Once  incision  is  begun,  gently  grasp  fourth  rib 
with  forceps  and  lift  away  from  internal  organs.  Before  pene- 
trating thoracic  cavity  switch  to  blunt-tipped  Strabismus  scis- 
sors to  avoid  damaging  underlying  organs  and  make  1  cm 
incision  in  intercostal  muscle  (Fig.  2b)  (see  Note  7). 

16.  Insert  COOK  eye  speculum  into  incision  and  gently  spread 
ribs  to  visualize  heart.  Cauterize  any  bleeding  vessels  if  neces- 
sary (Fig.  2c). 

17.  Using  forceps,  blunt  dissect  the  pericardial  sac  and  clear  peri- 
cardium away  from  anterior  wall  of  heart  (Fig.  2d). 

18.  Identify  the  left  atrium.  The  LAD  runs  from  underneath  the 
left  atrium  towards  the  apex  of  the  heart,  branching  approxi- 
mately at  the  mid  papillary  level.  Using  an  8-0  nylon  suture 
and  Castroviejo  micro  needle  holders  pass  suture  underneath 
the  LAD  approximately  1-2  mm  down  from  the  left  atrium 
towards  the  apex,  trying  to  avoid  penetrating  into  the  ventric- 
ular chamber  (Fig.  3a)  (see  Note  8). 

19.  Securely  tie  suture  to  induce  infarction.  Blanching  of  the  apex 
should  be  immediately  apparent  (Fig.  3b).  Monitor  the  ECG 
for  changes,  particularly  ST  segment  elevation  to  confirm 
infarction. 


Fig.  2  (a)  Once  intubated,  position  animal  on  its  side  {rightslde  down)  and  secure  the  Mforelimb  of  the  animal 
above  its  head  with  surgical  tape.  Using  a  scalpel,  make  a  skin  incision  halfway  down  the  left  rib  cage  from 
the  sternum  to  the  lateral  chest  wall,  (b)  Perform  a  left  thoracotomy  at  the  fourth  intercostal  space  using  scis- 
sors, (c)  Insert  the  COOK  eye  speculum  into  the  rib  incision  and  gently  open  the  chest,  (d)  Blunt  dissection  of 
the  pericardial  sac  using  forceps 


Fig.  3  (a,  b)  Pass  an  8-0  nylon  suture  underneath  the  LAD  and  for  Ml  procedure,  tie  the  suture  to  permanently 
occlude  the  LAD,  and  induce  Ml  (ischemic  region  outlined  in  white,  above),  (c)  For  l/R  surgery,  before  tying  the 
suture,  insert  small  (3-4  mm)  PE-90  tube  between  the  myocardium  and  the  suture  to  act  as  a  snare,  (d)  Secure 
the  tubing  in  place  by  tying  the  suture  to  induce  ischemia 
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Fig.  4  (a,  b)  To  close  the  chest  incision,  use  an  interrupted  suturing  pattern  and  place  6-0  Vicryl®  sutures 
together  through  both  sides  of  the  ribs  and  the  chest  muscle  layer,  (c)  Before  tying  the  last  suture,  gently  insert 
the  chest  tube  (arrovi)  and  secure  by  tying  the  remaining  suture,  (d)  Once  negative  pressure  inside  the  thoracic 
cavity  is  restored,  remove  the  chest  tube,  check  for  leaks  in  the  chest  wall,  and  close  skin  incision  with  6-0 
nylon  suture 

20.  Once  confirmed,  place  1-2  drops  of  1  %  lidocaine  direcdy  onto 
the  heart  and  remove  COOK  eye  speculum. 

21.  With  extreme  care,  gendy  insert  closed  forceps  between  left 
lung  lobe  and  rib  cage  and  lay  the  left  lung  lobe  onto  the  heart 
to  avoid  puncturing  when  closing  the  ribs. 

22.  Using  a  6-0  Vicryl  suture,  place  sutures  through  both  sides  of 
the  ribs  and  the  chest  muscle  layer  together  using  an  inter- 
rupted suturing  pattern  (Fig.  4a,  b).  Do  not  tie  the  sutures 
until  all  sutures  are  in  place.  This  allows  for  visualization  of 
visceral  organs  to  avoid  puncturing  while  placing  the  sutures. 

23.  Once  sutures  are  in  place,  begin  to  tie  sutures  (starting  laterally 
and  worldng  medially  towards  sternum).  Before  tying  the  last 
suture,  insert  the  chest  tube  between  the  last  suture  and  sternum, 
and  secure  by  tying  the  last  suture  (Fig.  4c)  {see  Note  9). 

24.  Draw  back  on  the  syringe  connected  to  chest  tube  until  ade- 
quate negative  pressure  is  achieved.  Maintain  negative  pressure 
with  chest  tube  for  1-2  min.  A  small  amount  of  blood,  if  pres- 
ent in  the  cavity,  may  become  visible  in  tube  {see  Note  10). 
Expand  (sigh)  lungs  to  remove  additional  air  in  the  thoracic 
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cavity  before  removing  chest  tube.  This  can  be  accomplished 
simply  by  blocking  the  exhaust  on  the  ventilator  for  three 
cycles.  DO  NOT  OVERINFLATE  LUNGS. 

25.  Once  negative  pressure  is  reestablished  in  the  chest  cavity,  gen- 
tly remove  the  chest  tube.  Use  the  pair  of  forceps  to  pinch 
muscle  and  skin  layer  around  chest  tube  as  it  is  slowly  removed. 

26.  Using  a  6-0  nylon  suture,  close  sldn  incision  (Fig.  4d). 

27.  Reapply  Betadine®  solution  to  incision  sites. 

28.  Administer  analgesic  (Ketofen®)  and  penicillin  via  s.c.  injection 
in  an  area  away  from  surgical  site.  A  bolus  s.c.  injection  of  lac  - 
tated  Ringer's  solution  is  also  suggested  for  fluid  replacement 
(1  %  of  animal's  weight  in  grams;  i.e.,  0.3  mL  for  a  30  g  mouse). 

29.  Check  for  reflexes  via  toe-pinch  method.  Once  animal  is 
responding,  attempt  to  remove  animal  from  ventilator,  leaving 
the  intubation  tube  in  place.  Observe  for  chest  movement  to 
ensure  breathing.  If  breathing  does  not  start  then  put  back  on 
ventilator  until  animal  regains  breathing  reflex. 

30.  Once  off  ventilator,  place  animal  in  an  isolated  recovery  area 
under  heat  lamps  to  maintain  body  temperature  until  fully 
recovered  and  the  mouse  is  able  to  maintain  body  temperature 
on  its  own  (see  Note  11). 

31.  After  24  h,  additional  analgesic  should  be  administered  to 
animal. 


3.2   Ischemia/  1.  (See  Subheading  3.1,  steps  1-16.) 

Reperfusion  Surgery         2.  Identify  the  left  atrium  and  the  LAD  as  previously  described 

(see  Subheading  3.1,  step  17).  Using  an  8-0  nylon  suture  and 
Castroviejo  micro  needle  holders  pass  suture  underneath  the 
LAD  approximately  2  mm  down  from  the  left  atrium  towards 
the  apex,  trying  to  avoid  penetrating  into  the  ventricular  cham- 
ber (see  Note  12).  Begin  to  make  a  surgeon's  knot  but  do  not 
pull  tight  completely.  Before  tightening,  insert  the  suture  snare 
(PE-90  tubing)  between  the  myocardium  and  suture  and  then 
secure  knot  (Fig.  3c,  d)  (see  Note  13).  At  this  point,  start  the 
timer  to  begin  measuring  the  period  of  ischemia. 

3 .  Be  sure  that  tubing  is  not  resting  against  atria  or  other  internal 
organs  that  may  be  damaged  as  it  will  vibrate  while  the  heart  is 
beating.  Observe  apex  for  blanching  and  ST-elevation  on 
ECG.  Loosen  and  close  COOK  eye  speculum  and  partially 
close  chest.  Cover  incision  with  moistened  gauze  and  monitor 
animal's  vital  signs  during  length  of  ischemia.  The  underlying 
visceral  organs,  muscles,  and  sldn  may  need  to  be  moistened 
with  saline  during  this  time  if  they  become  dry  (see  Note  14). 

4.  Once  the  desired  length  of  ischemia  has  passed,  expand  the  eye 
speculum  and  reopen  the  chest.  Gentiy  remove  the  snare  so 
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that  slack  is  created  in  the  suture.  Insert  small  spring  scissors 
into  the  slack  created  and  cut  the  suture.  This  will  allow  the 
distal  portions  of  the  LAD  and  myocardium  to  reperfuse.  Look 
for  color  to  return  to  the  apex  of  heart  and  resolution  of  the  ST 
elevation  in  the  ECG  to  ensure  that  reperfusion  has  occurred. 

Once  reperfusion  is  confirmed,  place  1-2  drops  of  1  %  lido- 
caine  onto  the  heart  and  remove  COOK  eye  speculum. 

Close  chest  and  skin  incision  as  previously  described  (see 
Subheading  3.1,  steps  20-29). 

Inject  0.5  mL  of  heparinized  saline  i.p.  Allow  animal  to  rest  for 
approximately  10  min  for  the  heparin  to  take  effect. 

Set  up  perfusion  apparatus  on  ring  stand  or  I.V.  pole  approxi- 
mately 125-150  cm  above  the  animal.  The  perfusion  apparatus 
is  made  using  a  60  cc  syringe  with  2 -way  stopcock.  Silicone 
tubing  is  then  attached  to  the  stopcock  and  fitted  with  male- 
to-male  Luer  stub  fitting  at  the  other  end.  The  Luer  fitting  is 
then  connected  to  a  23  G  syringe  needle  fitted  with  PE-50 
tubing  and  another  23  G  needle  for  a  cannula  (Fig.  5a) 
(see  Note  15). 

Fill  syringe  housing  with  3-5  mL  of  heparinized  saline.  Turn 
stopcock  to  "on"  position  and  allow  small  amount  of  saline  to 
drip  from  perfusion  needle  to  remove  all  air  from  lines.  Turn 
stopcock  to  "off  position  once  air  is  removed. 

Weigh  mouse  and  calculate  dose  for  Fatal-Plus®  Solution. 
Inject  anesthetic  i.p. 

Secure  mouse  in  the  supine  position  on  an  absorbent  pad  using 
adhesive  surgical  tape.  Wet  the  chest  and  abdominal  hair  with 
70  %  EtOH  to  sterilize  the  area  and  prevent  spreading  of  hair. 

Work  quicldy  here,  using  surgical  scissors  and  forceps  to  grasp 
abdominal  skin,  and  begin  to  make  an  abdominal  incision  into 
the  cavity  just  below  the  sternum. 

Using  scissors  make  an  incision  in  the  diaphragm  from  lateral 
wall  to  lateral  wall  to  enter  the  thoracic  cavity.  Avoid  cutting 
any  visceral  organs.  Cut  ribs  on  both  lateral  sides  of  rib  cage 
towards  the  shoulders. 

Grasp  the  sternum  with  hemostats  and  retract  rib  cage  towards 
the  head  of  the  animal  to  visualize  the  heart.  Using  forceps, 
gently  grasp  the  free  wall  of  the  right  atrium  and  insert  the 
perfusion  needle  into  the  apex  of  the  left  ventricle,  penetrating 
the  chamber  for  intraventricular  administration  of  fixative 
(Fig.  5b). 

Use  scissors  to  snip  the  right  atrium  to  allow  blood  and  perfus- 
ate to  escape. 
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Fig.  5  (a)  Perfusion  apparatus  used  for  whole-animal  fixation  protocol  and  perfusion  of  Evan's  blue  dye  in 
infarct  size  assessment  procedure,  (b)  For  whole-animal  fixation,  insert  the  23  G  needle  of  the  perfusion  device 
through  the  apex  of  the  heart  (arrow)  and  into  the  left  ventricle,  (c)  For  perfusion  of  Evan's  blue  dye,  cannulate 
the  thoracic  aorta  (arrow)  with  a  blunted  23  G  needle  and  tie  with  suture  to  secure  in  place,  (d)  Heart  section 
after  TTC  staining  for  infarct  size  assessment  illustrating  the  normal/non-ischemic  zone  (blue),  the  MR  region 
(recti,  and  the  infarcted  zone  (white) 


10.  Turn  stopcock  to  "on"  position  to  start  perfusion  of  saline  in 
order  to  flush  blood  from  circulation.  Color  should  begin  to 
fade  from  heart  and  liver  during  perfusion.  Also  note  that  per- 
fusate from  right  atrium  should  become  clear  as  blood  is 
removed  from  the  animal. 

11.  As  the  syringe  approaches  empty  (approximately  <0.5  mL),  fill 
syringe  with  10  mL  of  freshly  prepared  4  %  PFA.  Avoid  intro- 
ducing any  air  bubbles  into  the  system.  Allow  the  entire  vol- 
ume of  PFA  to  perfuse  (approximately  10  min)  (see  Notes 
16-17). 

12.  Once  perfusion  is  complete,  turn  off  system  and  remove  nee- 
dle from  heart.  Isolate  and  collect  heart  and  any  other  tissues 
of  interest. 

13.  Once  tissue  is  trimmed  and  cleaned,  it  is  recommended  to 
place  hearts  in  specimen  vials  and  submerse  with  4  %  PFA  for  a 
minimum  of  2  h  to  overnight  at  4  °C. 
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Make  fresh  1  %  TTC  solution  in  amber  glass  bottle  or  a  similar 
vessel  protected  from  light.  Warm  TTC  to  37  °C  prior  to  use. 

Inject  animal  with  0.5  mL  of  heparinized  saline  via  i.p.  injec- 
tion. Allow  animal  to  rest  for  approximately  10  min  for  the 
heparin  to  take  effect. 

Prepare  perfusion  apparatus  and  animal  as  described  above  in 
Subheading  3.3,  steps  2-5. 

Once  animal  is  prepared,  grasp  the  skin  just  below  the  sternum 
and  make  an  incision  into  the  abdominal  cavity.  Reposition  the 
liver  by  pulling  it  outside  of  the  cavity  to  enhance  visualization 
of  the  thoracic  and  abdominal  aorta. 

Make  an  incision  in  the  diaphragm  from  lateral  wall  to  lateral 
wall  to  enter  the  thoracic  cavity.  Avoid  cutting  any  visceral 
organs.  Cut  ribs  on  both  lateral  sides  of  rib  cage  towards  the 
shoulders.  Clamp  the  sternum  with  hemostats  and  retractrib 
cage  towards  the  head  of  the  animal. 

Identify  the  aorta,  which  runs  parallel  to  the  vertebral  column 
in  the  posterior  mediastinal  cavity.  Once  identified,  using  care 
not  to  puncture  any  visceral  organs  or  vessels,  use  the  Dumont 
#5  fine  forceps  to  pass  a  8-10  cm  length  of  suture  underneath 
the  thoracic  aorta  approximately  halfway  down  its  length. 
Begin  to  tie  the  suture,  but  do  not  tighten  the  knot  completely. 
Knot  should  be  loose  enough  to  be  able  to  pass  a  23  G  needle 
inside  of  the  aorta  through  this  knot. 

If  animal  has  undergone  MI  (permanent  ligation)  then  pro- 
ceed to  next  step.  However,  if  animal  underwent  ischemia/ 
reperfusion  protocol  then  it  is  necessary  at  this  point  to  re- 
occlude  the  LAD.  If  suture  has  been  left  in  from  the  procedure 
it  can  be  easily  identifiable  and  can  be  retied.  An  additional 
suture  may  be  passed  underneath  the  LAD  at  the  same  exact 
location  and  tied  to  occlude  if  unable  to  retie  the  original 
suture. 

Use  small,  fine  spring  scissors  to  make  a  small  incision  in  the 
thoracic  aorta  just  proximal  to  the  suture  knot.  With  the  aid  of 
the  Dumont  #5 a  fine  forceps,  insert  the  blunted  23  G  needle 
attached  to  the  perfusion  apparatus  into  the  aorta  in  a  retro- 
grade direction  towards  the  heart.  Secure  needle  by  tightening 
the  suture  knot  (Fig.  5c). 

Once  secured,  using  the  spring  scissor  make  a  small  nick  in  the 
right  atrium  to  allow  perfusate  to  drain. 

Turn  the  stopcock  to  the  "on"  position  and  begin  to  perfuse 
heart  retrogradely  with  heparinized  saline.  Once  flushed,  add 
3-5  mL  of  2  %  Evan's  blue  dye  to  syringe  housing  and  begin 
to  perfuse.  Immediate  color  change  should  be  noticeable 
throughout  the  animal.  However,  the  ischemic  region  of  the 
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heart  (antero-apical  portion  of  heart  if  LAD  occlusion)  should 
not  change  color  due  to  the  occluded  vessel  preventing  perfu- 
sion with  Evan's  blue  dye  (see  Note  18). 

1 1 .  Once  heart  has  been  adequately  perfused  and  desired  intensity 
of  staining  has  been  achieved,  turn  off  perfusion  apparatus  and 
remove  cannula  from  aorta.  Excise  heart  and  immediately  rinse 
in  PBS  to  flush  the  remaining  dye  from  chamber.  Once  flushed, 
remove  heart  and  dry  and  wrap  in  small  piece  of  plastic  wrap. 
To  aid  in  cutting,  place  heart  in  freezer  for  10  min  (optional). 

12.  Once  frozen,  remove  heart  and  place  in  heart  matrix.  Starting 
from  the  base  of  the  heart,  insert  razor  blades  in  2  mm  inter- 
vals towards  the  apex.  Do  not  cut  the  heart  until  all  blades  are 
in  place.  Once  all  blades  are  in  place,  simultaneously  section 
heart  with  all  blades. 

13.  Remove  section  from  matrix  and  place  in  labeled  (e.g.,  base, 
middle,  apex)  Eppendorf  tubes  and  fill  tubes  with  warmed 
(37  °C)  1  %  TTC  solution.  Insert  tubes  into  foam  holder  and 
place  in  shaking  water  bath  (37  °C)  for  15-20  min.  This  will 
stain  the  viable  regions  of  the  ischemic  myocardium  brick  red 
and  necrotic  tissues  white.  Normal  zones  without  ischemia  will 
remain  blue. 

14.  Next,  remove  samples  and  place  in  appropriately  labeled  wells 
of  12-well  plate.  Submerge  sections  in  freshly  prepared  4  % 
PFA.  Place  12-well  plate  onto  lab  shaker  plate  and  incubate  for 
15-20  min  at  room  temperature.  This  step  will  help  bleach  the 
white  necrotic  regions  and  enhance  the  contrast  of  colors 
between  zones. 

15.  Remove  from  PFA  and  blot  dry  using  gauze.  Align  sections 
serially  (keeping  orientation  similar  and  in  order  from  base  to 
apex)  on  western  spacer  plates.  Once  aligned,  sandwich  sec- 
tions by  clamping  a  glass  plate  on  top  of  spacer  plate  using 
small  binder  clips  on  all  sides.  By  adding  this  slight  pressure  to 
sections,  zones  become  much  more  distinguishable  for 
measure. 

16.  Using  a  macroscopic  imaging  device,  image  both  sides  of  each 
section  at  a  magnification  that  allows  for  clear  identification 
and  measure  of  normal  zone  (blue),  area  at  risk  (AAR;  red), 
and  infarcted  zone  (white)  (Fig.  5d).  Assess  images  by  planim- 
etry method  using  ImageJ  software  (NIH,  Bethesda,  Maryland, 
USA)  or  other  imaging  software. 

17.  Infarct  size  should  be  described  relative  to  AAR  to  standardize 
for  any  variability  in  size  of  ischemic  region  due  to  any  incon- 
sistencies in  technique  or  animal  variability.  This  is  most  com- 
monly expressed  as  an  infarct-to-AAR  ratio. 
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4  Notes 

1.  It  is  important  to  leave  the  animal  undisturbed  after  anesthe- 
tizing. If  repeatedly  checked  for  reflexes  or  if  in  an  environment 
where  ambient  noise  is  high,  animal  may  never  reach  the  plane 
of  anesthesia  necessary  to  begin  the  procedures  described 
above. 

2.  Body  temperature  can  have  a  profound  effect  on  infarct  size. 
Therefore,  monitoring  and  maintenance  of  body  temperature 
within  the  range  of  36-37  °C  during  the  infarction  procedure 
are  essential  for  consistent  infarct  size. 

3.  The  intubation  steps  have  proven  to  be  the  most  difficult  por- 
tion of  the  procedure.  It  may  take  multiple  practice  procedures 
before  becoming  adjusted  to  the  delicacy  of  the  tissues  as  well 
as  the  angle  of  approach  and  light  force  necessary  to  guide  the 
intubation  tube  into  the  trachea.  Larger  mice  (>35  g)  are  often 
easier  to  intubate  and  are  very  suitable  for  practice.  This  may 
also  be  taken  into  consideration  when  choosing  the  desired  age 
and  strain  of  mice  for  experimental  models  if  you  are  experi- 
encing difficulties  intubating.  A  technique  that  has  worked  for 
our  lab  has  been  to  enter  the  oral  cavity  parallel  to  the  surgical 
platform  until  reaching  the  epiglottis  while  visualizing  the 
entrance  to  the  trachea  through  the  window  created  by  the 
neck  incision.  Once  at  the  epiglottis,  a  slight  upward  angle  of 
the  tube  is  often  necessary  to  enter  the  trachea  and  avoid  slip- 
ping into  the  esophagus,  which  is  common.  Sometimes  a  gen- 
tle side-to-side  rotation  of  the  tube  during  this  process  aids  in 
getting  the  intubation  tube  beyond  the  epiglottis.  It  is  highly 
recommended  to  bevel  and  blunt  the  tip  of  the  PE-60  tubing. 
Be  sure  that  edges  are  not  sharp  to  avoid  puncturing  of  the 
trachea.  Also,  coloring  the  tip  of  the  intubation  tube  black 
with  permanent  marker  is  suggested  to  help  visualize  the  depth 
of  the  tube  through  neck  incision  (Fig.  lb). 

4.  Once  intubation  is  in  place,  a  suture  may  be  placed  through 
the  cheek  of  the  animal  and  used  to  secure  the  intubation  tube 
and  prevent  possibility  of  extubation.  Also,  the  neck  incision 
may  be  left  open  until  the  end  of  the  procedure  to  aid  in  moni- 
toring of  intubation  depth  and  re-intubation  if  the  tube  moves 
during  the  procedure. 

5 .  The  tidal  volume  and  ventilation  rates  are  calculated  from  the 
following  equation  (as  provided  by  Harvard  Apparatus): 

Vt  —  6.2  x  Mb101  where  Vt  is  tidal  volume  (mL)  and  Mb  is  ani- 
mal body  mass  (kg). 

BPM  =  53.5  x  Mh026  where  BPM  is  ventilation  rate  (breaths/ 
minute). 
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6.  Our  protocol  describes  the  ventilation  of  animals  during 
surgery  with  ambient  room  air.  However,  other  groups  also 
describe  the  use  of  room  air  mixed  with  100  %  oxygen  at  a  flow 
of  2  L/min.  Initially,  our  lab  utilized  this  mixture  of  ambient 
air  supplemented  with  oxygen;  however,  we  have  found  that 
using  solely  room  air  has  greatly  improved  our  survival  rates. 

7.  When  performing  the  left  thoracotomy  in  infarction  proce- 
dures, care  should  be  taken  when  cutting  the  intercostal  mus- 
cle close  to  the  sternum.  The  internal  mammary  artery  runs 
within  close  proximity  («1  mm)  and  parallel  to  the  sternum. 
Although  usually  not  fatal,  if  cut  large  amounts  of  bleeding 
could  occur. 

8 .  Consistency  of  the  placement  of  LAD  occlusion  is  critical  to 
minimize  variability  in  infarct  size.  Identifying  landmarks  of 
the  heart  (e.g.,  left  atrium,  pulmonary  artery,  coronary  sulcus) 
can  help  in  consistent  placement  of  ligature.  Due  to  this,  it  is 
recommended  to  have  MI  groups  of  n>8  to  account  for 
variability. 

9.  It  is  critical  that  the  rib  closure  is  adequate  to  maintain  nega- 
tive pressure  inside  the  thoracic  cavity.  The  presence  of  a 
pneumothorax  will  cause  lungs  to  remain  collapsed  and  will 
most  likely  result  in  death  of  the  animal.  The  site  of  chest  tube 
insertion  is  the  most  common  location  of  any  leaks.  Therefore, 
careful  placement  of  the  chest  tube  and  the  suture  used  to 
secure  both  the  ribs  and  the  chest  tube  is  essential.  It  is  an 
option  to  make  a  small  1  mm  incision  through  the  pectoral 
muscles  and  the  fifth  intercostal  space  adjacent  to  thoracotomy 
incision  and  insert  the  chest  tube  at  this  point.  Then  secure  the 
chest  tube  in  place  using  a  purse  stitch  through  the  chest  mus- 
cle and  around  the  tubing.  Drip  lidocaine  solution  onto  inci- 
sion to  ensure  that  chest  is  tightly  closed.  If  lidocaine  is  pulled 
into  the  chest  cavity,  then  an  additional  suture  may  be  needed 
near  the  leak  and  negative  pressure  must  then  be  again 
reestablished. 

10.  When  making  the  chest  tube  it  is  suggested  to  add  additional 
openings  at  the  distal  end  of  PE-tubing.  This  will  allow  for 
continued  suction  if  one  opening  becomes  clogged  by  clots  or 
connective  tissue  inside  the  chest. 

11.  While  the  animal  is  resting  in  the  recovery  cage,  it  may  be 
placed  inside  of  a  large  clear  plastic  bag  loosely  tied  closed 
while  being  supplied  with  100  %  oxygen  through  a  line  passed 
through  the  opening  (i.e.,  oxygen  tent).  Creating  this  oxygen- 
rich  environment  during  the  initial  recovery  period  may  help 
in  survivability  but  should  be  utilized  consistently  between 
groups  to  further  minimize  variability  in  surgical  outcomes 
between  groups. 
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12.  When  placing  the  8-0  suture  used  for  the  LAD  occlusion  in 
the  ischemia/reperfusion  surgery,  it  is  an  option  to  place  a  sec- 
ond suture  in  the  exact  location  of  the  first  during  this  time 
(however,  left  untied)  to  be  later  tied  at  the  time  of  sacrifice  to 
re-ligate  the  LAD  during  Evan's  blue  perfusion  in  infarct  size 
assessment.  This  may  help  in  accuracy  of  re -ligation  to  ensure 
proper  Evan's  blue  staining,  consistent  with  actual  ischemic 
zone  during  the  time  of  surgery. 

13.  Care  must  be  taken  when  tying  the  ligature  to  occlude  the 
LAD  so  as  not  to  sever  the  artery.  Reperfusion  will  not  occur  if 
severed. 

14.  If  necessary,  during  longer  surgical  procedures  (ischemia/reper- 
fusion surgery)  an  additional  dose  of  anesthetic  (Nembutal®) 
may  be  needed  to  keep  animal  at  the  necessary  plane  of  anesthe- 
sia. If  so,  dosage  given  should  be  30  mg/kg  i.p. 

15.  If  desired,  a  perfusion  pump  can  be  utilized  instead  of  a  grav- 
ity-based perfusion  setup.  Just  replace  the  perfusion  apparatus 
with  the  pump,  calculate  appropriate  perfusion  rate  (depen- 
dent on  syringe  size),  and  follow  the  same  surgical  steps 
described  previously  (see  Subheading  3.3). 

16.  Depending  on  the  ultimate  use  of  tissue  samples,  the  whole 
animal  perfusion  protocol  can  be  adjusted  to  suit  the  needs  of 
the  investigation.  This  includes  substituting  different  fixatives  for 
PFA  that  are  more  compatible  with  specific  histological/immu- 
nological  techniques.  For  example,  for  electron  microscopy 
studies,  PFA  can  be  substituted  with  a  solution  of  1.5  %  glutar- 
aldehyde/2.0  %  paraformaldehyde  to  adequately  fix  tissues. 

17.  During  the  whole-animal  fixation  procedure,  look  for  signs  of 
a  successful  perfusion  and  fixation  which  include  blanching  of 
heart  and  liver,  skeletal  muscle  twitching,  curling  of  the  tail, 
and  stiffening  of  limbs. 

18.  During  the  perfusion  of  Evan's  blue  dye  in  the  infarct  assess- 
ment, it  is  important  that  the  dye  perfusate  does  not  come  into 
contact  with  the  epicardial  surface  of  the  myocardium.  This 
will  complicate  the  distinguishability  between  zones,  particu- 
larly the  white  infarcted  regions.  Laying  the  animal  on  its  side 
once  the  cannula  is  secured  in  place  and  using  gauze  to  absorb 
perfusate  may  help  prevent  this.  It  is  also  optional  to  excise  the 
heart,  leaving  the  aorta  intact  for  cannulation  and  hanging  the 
heart  during  the  perfusion. 

Common  applications.  The  post-MI  time  period  can  vary  from 
hours  to  days  to  weeks,  depending  upon  the  nature  of  the  study. 
The  histological  assessments  can  also  vary  by  need:  selection  of 
cryosections  or  paraffin  sections  is  dictated  by  the  outcomes  to 
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Fig.  6  Masson's  trichrome  staining  of  the  non-infarcted  myocardium  (a)  and  infarcted  regions  (b)  illustrating 
collagen  deposition  (blue)  during  scar  formation,  (c,  d)  PSR  staining  of  non-infarcted  and  infarcted  myocar- 
dium, respectively,  depicting  the  occurrence  of  fibrosis 


be  evaluated.  Fig.  6  depicts  examples  of  typical  types  of  staining 
we  perform  for  fibrosis  and  infarct  scar  assessment,  Masson's 
trichrome  (Fig.  6a,  b)  and  picrosirius  red  (Fig.  6c,  d). 
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Cryoinjury  Models  of  the  Adult  and  Neonatal  Mouse  Heart 
for  Studies  of  Scarring  and  Regeneration 
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Joseph  A.  Palatinus,  L.  Jane  Jourdan,  and  Robert  G.  Gourdie 


Abstract 

A  major  limitation  in  studies  of  the  injured  heart  is  animal-to-animal  variability  in  wound  size  resulting 
from  commonly  used  techniques  such  as  left  anterior  descending  coronary  artery  ligation.  This  variability 
can  make  standard  errors  sufficiently  large  that  mean  separation  between  treatment  and  control  groups  can 
be  difficult  without  replicating  numbers  (»)  of  animals  in  groups  by  excessive  amounts.  Here,  we  describe 
the  materials  and  protocol  necessary  for  delivering  a  standardized  non-transmural  cryoinjury  to  the  left 
ventricle  of  an  adult  mouse  heart  that  may  in  part  obviate  the  issue  of  injury  variance  between  animals.  As 
reported  previously,  this  cryoinjury  model  generates  a  necrotic  wound  to  the  ventricle  of  consistent  size 
and  shape  that  resolves  into  a  scar  of  uniform  size,  shape,  and  organization.  The  cryo-model  also  provides 
an  extended  injury  border  zone  that  exhibits  classic  markers  of  remodeling  found  in  surviving  cardiac  tis- 
sue at  the  edge  of  a  myocardial  infarction,  including  connexin43  (Cx43)  lateralization.  In  a  further  exten- 
sion of  the  method,  we  describe  how  we  have  adapted  the  model  to  deliver  a  cryoinjury  to  the  apex  of  the 
heart  of  neonatal  mice — a  modification  that  may  be  useful  for  studies  of  myocardial  regeneration  in 
mammals. 

Key  words  Cryoinjury,  Mouse,  Scarring,  Regeneration,  Myocardial  infarction,  Cardiac  wound  healing 


1  Introduction 

Animal  models  of  cardiac  injury  facilitate  the  study  of  wound  heal- 
ing processes  and  the  evaluation  of  therapies  that  may  improve  or 
hasten  this  response.  One  of  the  most  widely  used  models  of  car- 
diac injury  is  the  left  anterior  descending  artery  (LAD)  ligation 
model  [1—4].  LAD  ligation  mimics  myocardial  infarction  (MI) 
seen  in  ischemic  heart  disease  by  artificially  occluding  a  major  cor- 
onary artery,  causing  ischemia  in  a  portion  of  the  myocardium  and 
recapitulating  aspects  of  the  characteristic  pathologic  progression 
found  subsequent  to  MI,  beginning  with  necrosis,  and  ending 
with  the  formation  of  a  mature  scar. 
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LAD  ligation  is  a  reliable  and  useful  method  of  cardiac  wound 
healing,  but  it  has  limitations  [1].  First,  there  is  consideration  of 
the  extent  to  which  ligating  a  coronary  artery  in  a  healthy  animal 
actually  models  ischemic  heart  disease  in  humans.  Perhaps  of 
greater  importance  is  that  coronary  artery  distribution  and  arterial 
supply  are  not  consistent  between  individuals  within  the  same  spe- 
cies. Such  normal  anatomic  variations  can  result  in  variability  of  the 
injury  size  observed  within  a  group  of  animals.  This  variability 
becomes  particularly  important  in  studies  of  the  wound  healing 
response,  where  measurement  of  injury  size  is  a  key  parameter  for 
discerning  differences  between  experimental  groups.  The  efficiency 
of  using  LAD  ligation  is  also  limited  by  higher  postoperative  mor- 
tality, as  compared  to  other  myocardial  injury  models  [5]. 

In  earlier  work,  we  reported  that  a  peptide  based  on  the  car- 
boxyl  terminus  of  the  gap  junction  (GJ)  protein  Cx43  (ocCTl) 
inhibited  remodeling  of  GJs  in  cultured  cells  [6],  as  well  as  benefi- 
cially affecting  the  progression  of  healing  of  skin  wounds  [7,  8].  In 
follow-up  studies,  we  sought  to  determine  whether  ocCTl  had 
similar  effects  on  GJ  remodeling  and  recovery  from  injury  to  the 
mouse  heart  [9].  In  initial  experiments,  it  was  found  that  coronary 
arterial  ligation  was  problematic  in  our  hands  owing  to  difficulties 
in  achieving  a  repeatable  injury  to  the  left  ventricle  (LV).  To  cir- 
cumvent this,  a  cryo injury  model  that  provided  a  wound  on  the 
LV  of  the  mouse  heart  of  uniform  size  and  geometry  was  devel- 
oped. The  method  was  based  on  one  described  by  Van  den  Bos 
and  coworkers  who  used  a  liquid  nitrogen- cooled  cry  op  robe  [5]. 
We  modified  their  protocol  to  include  probe  prechilling  and  a  non- 
transmural  injury  of  LV,  as  opposed  to  the  more  severe  transmural 
injury  generated  by  this  group  (Fig.  1 ).  We  did  so  as  non-transmural 
injuries  provide  extended  IBZs — a  tissue  of  particular  interest  in 
our  experiments  because  of  its  putative  causal  role  in  reentrant 
arrhythmia  mechanisms. 

In  this  chapter,  we  describe  the  materials  and  protocol  that 
were  used  to  deliver  a  standardized  non-transmural  cryoinjury  to 
the  LV  of  an  adult  mouse.  In  addition  to  providing  an  injury  and 
extended  IBZ  of  uniform  size  and  shape,  this  approach  has  further 
advantages  over  LAD  of  being  technically  straightforward,  provid- 
ing high  postoperative  survival  and  generating  healed  scars  of  rela- 
tively consistent  volume  and  organization.  As  we  have  also 
reported,  mouse  hearts  receiving  cryoinjury  demonstrated  loss  of 
mechanical  LV  function  as  assessed  by  echocardiography,  slowed 


Fig.  1  (continued)  scar  immunolabeled  for  Mlc2a — normally  expressed  in  the 
embryonic  ventricle  (graft.  Dapi  nuclear  signal  [dark  graft.  Inset.  Cx43  immuno- 
labeled sister  section  at  IBZ.  Note  lateralized  Cx43  in  IBZ.  Inset.  Dashed  lines  rep- 
resent border  of  injury/scar.  Scale  (c)  =  500  urn,  (d)  =  25  u.m,  (c,  d)  inset  =  1 0  \im 
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Fig.  1  Cryoinjury  of  the  LV  of  an  adult  mouse  heart,  (a,  b)  Whole  mount  and  cross 
section  of  aTTC-stained  heart  48-h  after  5-s  exposure  to  cryoprobe.  (c)  Montage 
of  H&E  section  through  LV  48  h  after  standard  5-s  exposure.  Inset.  Cx43  immu- 
nolabeled  (grafi  sister  section  at  IBZ.  (d)  Montage  of  section  from  8-week  LV 


346 


Erik  G.  Strungs  et  al. 


action  potential  conduction  velocity,  and  increased  propensity  to 
develop  ventricular  arrhythmias  consistent  with  pathological 
changes  seen  following  myocardial  infarction  [9,  10].  Moreover, 
the  cryo-IBZ  exhibits  classic  markers  of  remodeling  seen  in  surviv- 
ing myocardium  at  the  edge  of  the  MI,  including  Cx43  lateraliza- 
tion, interspersion  of  scar  tissue  with  myocardial  tissue,  and 
reexpression  of  markers  normally  only  found  in  the  embryonic 
ventricle  [9, 11].  In  a  further  extension  of  the  method,  we  describe 
how  we  have  adapted  cryoinjury  to  deliver  an  injury  to  the  apex  of 
the  neonatal  heart  useful  for  studies  of  myocardial  regeneration. 


2  Materials 


2.1   Cryoinjury  of  the 
Left  Ventricle  of  an 
Adult  Mouse  Heart 


Anesthesia 

1.  Anesthetic:  Isoflurane,  USP. 
2.2%  Lidocaine  solution,  USP. 

3 .  Oxygen  cylinder  and  regulator. 

4.  Compact  anesthesia  vaporizer  system,  Harvard  Apparatus. 

5.  MiniVent  Type  845  mouse  ventilator,  Harvard  Apparatus. 

Surgical  Preparation  and  Procedure 

1.  Cork  surgery  board. 

2.  Umbilical  tape. 

3.  Surgical  stereomicroscope  (Wild  M3Z)  and  adjustable  (snake) 
light  source. 

4.  Sterile  gauze,  tape,  and  cotton-tipped  applicators. 

5 .  Nair®  hair  removal  product. 

6.  Betadine®  solution  (10  %  providone-iodine). 

7.  70  %  (v/v)  EtOH  in  H20. 

8.  Surgical  gloves. 

9.  Liquid  nitrogen. 

10.  16-G  angiocatheter  (needle  bevel  removed). 

11.  Brymill  Cryo-Gun  apparatus  with  3  mm  circular,  flat  copper 
cryoprobe. 

Surgical  Tools  (Sterilized) 

1.  Small  surgical  scissors. 

2.  Small  surgical  retractor. 

3.  2x  small  surgical  forceps. 

4.  Needle  holder. 
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Suture 

1.  4-0  Silk  suture. 

2.  Gluture®  skin  glue. 

Postoperative  Care 
1.  Heating  pad. 

2.2  Cryoinjury  of  the 
Ventricular  Apex  of  a 
Neonatal  Mouse  Heart 

Surgical  Preparation  and  Procedure 

1.  Surgical  stereomicroscope  (Wild  M3Z)  and  adjustable  (snake) 
light  source. 

2.  Sterile  gauze,  tape,  and  cotton-tipped  applicators. 

3.  Betadine®  solution  (10  %  providone-iodine). 

4.  70  %  (v/v)  EtOH  in  H20. 

5.  Surgical  gloves. 

6.  Liquid  nitrogen. 

7.  Brymill  Cryo-Gun  apparatus  with  1  mm  circular,  flat  copper 
cryoprobe. 

Surgical  Tools  (Sterilized) 

1.  Small  surgical  scissors. 

2.  2x  Small  surgical  forceps. 

3.  Needle  holder. 

Suture 

1.  6-0  Prole ne  suture. 

2.  Gluture®  skin  glue. 

Postoperative  Care 
1.  Heating  pad. 


Anesthesia 

1 .  Ice  water  bath. 

2.  Latex  barrier. 


3  Methods 


3.1   Cryoinjury  of  the 
Left  Ventricle  of  an 
Adult  Mouse  Heart 


Intubation  and  Anesthesia 

1 .  Begin  airflow  to  the  anesthesia  induction  chamber.  Use  a  mix- 
ture of  100  %  oxygen  and  2  %  isoflurane  and  a  flow  rate  of 
0.8-1.0  L/min. 
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2.  Place  animal  in  the  induction  chamber,  and  wait  until  all 
voluntary  motion  ceases,  approximately  5  min. 

3 .  Remove  the  mouse  from  the  induction  chamber  and  place  in  a 
supine  position  on  the  table  with  the  nose  of  the  mouse  slightly 
overhanging  the  edge  of  the  table.  Run  the  umbilical  tape 
behind  the  upper  middle  two  incisors  and  secure  the  umbilical 
tape  to  the  edge  of  the  table  using  tape. 

4.  Adjust  the  arms  of  the  adjustable  "snake"  light  so  they  overlie 
the  neck  of  the  mouse.  This  will  illuminate  the  upper  airway 
and  facilitate  visualization  of  the  subtle  opening  and  closing  of 
the  vocal  folds  as  the  mouse  breathes. 

5.  Use  a  cotton  swab  to  gentiy  brush  the  tongue  out  of  the 
mouse's  mouth.  Using  the  opposite  end  of  the  same  cotton 
swab,  using  gentle  pressure,  press  the  tongue  against  the  floor 
of  the  mouth  and  hold  the  mouth  open. 

6.  Place  a  small  amount  of  2  %  lidocaine  on  another  cotton  swab, 
and  apply  to  the  vocal  folds  as  a  local  anesthetic. 

7.  With  the  blunted  catheter  introducer  still  in  place,  guide  the 
catheter  past  the  vocal  folds  and  the  epiglottis,  and  into  the 
trachea. 

8 .  Remove  the  catheter  introducer  from  the  catheter  and  attach 
the  catheter  to  the  tubing  running  from  the  ventilator.  Switch 
the  valves  of  the  ventilation  system  to  redirect  airflow  from  the 
induction  chamber  to  the  ventilator.  Turn  on  the  ventilator, 
using  a  stroke  volume  of  260  and  a  stroke  rate  of  350 
breaths/min.  If  the  intubation  catheter  has  been  properly 
placed  in  the  trachea,  the  chest  wall  will  rise  and  fall  in  syn- 
chrony with  the  ventilator;  if  the  intubation  catheter  has  been 
erroneously  placed  in  the  esophagus,  there  will  be  no  rhythmic 
rising  and  falling  of  the  chest  wall. 

Surgical  Procedure 

1 .  Position  the  mouse  supine  on  the  cork  board  on  the  operating 
table,  taking  care  to  not  remove  the  intubation  catheter.  Tape 
the  mouse's  fore-  and  hindlimbs  to  the  operating  table  to  pre- 
vent any  muscular  movements  during  the  course  of  the 
operation. 

2.  Apply  a  hair  removal  product,  such  as  Nair®,  on  the  left  side  of 
the  anterior  chest  wall.  Wipe  away  after  about  a  minute  to 
remove  the  hair  from  the  surgical  area. 

3.  Apply  Betadine  followed  by  70  %  ethanol  to  the  now-hairless 
area  of  skin  to  sterilize  the  surgical  area. 

4.  Make  a  transverse  skin  incision  using  scissors.  Palpation  of  the 
point  of  maximum  impact  of  the  apex  against  the  chest  wall  pro- 
vides a  useful  landmark  for  the  location  of  the  sldn  incision. 
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5.  Using  a  pair  of  small  forceps,  bluntly  dissect  between  the  layers 
of  skeletal  muscle  overlying  the  chest  wall.  In  most  cases,  the 
muscle  layers  can  be  divided  and  individually  retracted  without 
the  need  for  transection. 

6.  Use  blunt  dissection  to  open  the  chest  wall  by  transecting  the 
intercostal  muscles  between  the  fourth  and  fifth  ribs.  Retract 
the  ribs.  Blunt  dissection  during  this  step  will  prevent 
transection  of  the  internal  mammary  artery,  which  will  run 
along  the  medial  edge  of  the  resulting  thoracotomy.  Following 
this  step,  the  surgeon  should  be  able  to  visualize  the  heart 
through  the  pericardial  sac. 

7.  Gently  open  the  pericardial  sac  using  blunt  dissection.  Move 
the  thymus  off  of  the  surface  of  the  heart  if  it  is  overlying  the 
area  of  the  ventricle  to  be  injured. 

8.  After  the  proposed  injury  site  is  totally  visualized  and  free  from 
overlying  obstructions,  prechill  the  cryoprobe  for  10  s  using  the 
Brymill  Cryo-Gun  apparatus — prenlled  with  liquid  nitrogen 
(Notel). 

9.  Cease  chilling  the  cryoprobe  and  apply  the  cryoprobe  to  the 
surface  of  the  heart  for  5  s  (Notes  2  and  3). 

10.  Gently  remove  cryoprobe,  making  sure  not  to  tug  on  the  heart 
or  disrupt  the  epicardium  in  the  process.  Excess  moisture  on 
the  heart  could  cause  the  cryoprobe  to  stick  to  the  surface, 
potentially  creating  a  traumatic  injury. 

11.  Apply  gende  pressure  to  the  chest  wall  to  remove  excess  air  in  the 
chest  cavity.  Close  the  chest  wall  incision  using  4-0  silk  suture 
with  two  or  three  sutures  tied  in  an  interrupted  fashion.  Be  sure 
to  include  the  superior  and  inferior  ribs  within  this  closure,  as  the 
intercostal  muscle  and  parietal  pleura  will  tear  under  the  force  of 
the  sutures.  Close  any  transected  skeletal  muscle  layers  using  4-0 
silk  suture  in  a  running  continuous  fashion.  Close  the  skin  incision 
using  Gluture  skin  glue  with  standard  techniques. 

Postoperative  Care 

1.  Remove  tape  restraints  from  the  mouse's  limbs  and  turn  the 
isoflurane  to  0  %  on  the  gas  mixer,  leaving  the  oxygen  flow  and 
ventilator  running. 

2.  Allow  the  mouse  to  pull  itself  off  of  the  intubation  tube  as  it 
ascends  from  anesthesia,  rather  than  removing  it  immediately 
following  incision  closure. 

3.  Place  the  mouse  on  a  heating  pad  until  it  regains  sufficient 
movement  to  be  placed  into  its  cage. 


3.2  Cryoinjury  of  the  Rather  than  forming  scar  tissue  as  observed  in  the  adult  mouse  heart, 
Ventricular  Apex  of  a  the  ventricular  apex  of  newborn  mouse  hearts  has  been  reported  to 
Neonatal  Mouse  Heart      possess  a  transient  regenerative  potential  similar  to  that  seen  in  newts 
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Cryo-lnjured  Day  1  Cryo-lnjured  Day  7 
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Apex 
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Fig.  2  Cryoinjury  of  the  ventricular  apex  of  neonatal  mouse  heart,  (a,  b)  21  -day- 
old  postnatal  mouse  hearts  cryoinjured  at  either  1  (a)  or  7  (b)  postnatal  days. 
Note  only  the  21  -day  heart  injured  7  days  after  birth  has  a  visible  scar,  (c,  d)  H&E 
sections  through  21 -day-old  postnatal  hearts  cryoinjured  at  either  1  (c)  or  7 
(d)  postnatal  days.  Note  the  heart  cryoinjured  at  1  day  has  no  visible  scar  and 
fully  regenerated  myocardium  at  its  ventricular  apex,  whereas  the  heart  injured 
at  7  days  displays  transmural  scar  tissue  (black).  Scale  1 00  \im 


and  zebrafish  [12].  The  earlier  study  in  neonatal  mouse  used  partial 
surgical  resection  as  an  injury  model.  Below  we  describe  an  approach 
to  reproducing  a  similar  regenerative  outcome  by  adapting  the  cryo- 
injury approach  we  describe  for  adult  hearts  for  1  day  neonates 
(Fig.  2).  Cryoinjury  has  the  advantage  of  reducing  perioperative 
mortality  by  preventing  excess  bleeding  from  surgical  breach  of  the 
ventricular  wall  and  leaving  a  scaffold  of  extracellular  matrix  in  place 
for  repair  processes  to  proceed  upon.  This  approach  may  also  enable 
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improved  resolution  of  steps  in  the  wound  healing  process  including 
inflammation,  granulation  tissue  deposition  and  scar  differentiation, 
remodeling,  and  resorption  compared  to  what  is  observed  following 
a  mechanical  injury  of  the  ventricle. 

Animal  Preparation  and  Anesthesia 

1.  Remove  litter  of  mice  from  mother's  cage  and  place  in  a  new, 
clean  cage. 

2.  Induce  anesthesia  by  inducing  hypothermia.  Using  a  latex  barrier 
to  protect  the  mouse's  skin,  submerge  the  mouse  in  an  ice  water 
bath  until  an  anesthetic  state  is  reached  (Note  4).  This  may  occur 
at  any  point  between  4  and  20  min,  so  close  observation  is 
required. 

3.  Place  the  mouse  in  a  supine  position  on  the  surgical  table  and 
clean  the  skin  using  Betadine  solution  followed  by  70  %  ethanol 
(Note  5). 

Surgical  Procedure 

1 .  Make  a  horizontal  incision  in  the  dermis  using  a  small  scissors 
from  the  midline  to  the  left  axilla,  about  1  cm  in  length. 

2.  Gently  separate  the  ribs  by  inserting  the  closed  forceps  through 
the  intercostal  muscles  and  slowly  opening  the  forceps  such 
that  the  ribs  separate. 

3.  Apply  gentle  pressure  to  the  dorsum  of  the  mouse,  such  that 
the  heart  extrudes  through  the  opening  in  the  rib  cage  with 
the  apex  leading. 

4.  Prechill  the  cryoprobe  for  10  s  and  apply  the  probe  to  the  sur- 
face of  the  heart's  apex  for  5  s  (Note  6).  Remove  pressure 
from  the  dorsum  of  the  mouse  and  allow  the  heart  to  reenter 
the  chest  cavity. 

5.  Close  the  chest  cavity  using  one  or  two  discontinuous  sutures 
of  6-0  prolene.  Close  the  skin  incision  using  Gluture  skin  glue. 

Postoperative  Care 

1.  Clean  any  blood  or  topical  antiseptic  from  the  skin  of  the 
mouse. 

2.  Allow  the  mouse  to  recover  from  hypothermic  anesthetic  state 
by  placing  on  a  heating  pad.  After  the  mouse  resumes  volun- 
tary movement,  place  the  mouse  into  a  new,  clean  cage  until 
operations  on  the  entire  litter  are  complete. 

3 .  Return  the  postoperative  mice  to  the  mother's  cage  as  a  com- 
plete group  (Note  7). 
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4  Notes 

1 .  Gentle  rotation  of  the  exposed  heart  such  that  the  cryoprobe 
is  in  contact  with  the  left  ventricular  surface  of  the  heart  may 
be  required. 

2.  We  used  a  5-s  exposure  to  the  cryoprobe  to  generate  a  non- 
transmural  injury  in  adult  mice.  We  noted  that  the  blanched 
frozen  area  of  the  heart  took  just  over  19  s  to  recover  a  pink 
reperfused  appearance  if  cryoinjury  had  been  successful. 
Shorter  or  longer  periods  of  recovery  generally  indicated  an 
unsuccessful  injury  that  was  either  too  little  or  too  extensively 
injured.  Such  hearts  were  discarded. 

3.  The  size  of  the  injury  and  the  extent  of  its  transmurality  can 
also  be  controlled  by  adjusting  the  length  of  time  the  cryo- 
probe is  in  contact  with  the  surface  of  the  heart. 

4.  A  latex  surgical  glove  serves  as  an  effective  and  convenient  bar- 
rier between  the  mouse's  skin  and  the  ice  water  bath  during 
hypothermia  induction  of  neonates. 

5 .  Time  to  anesthetic  induction  of  neonates  can  vary  widely  from 
animal  to  animal.  It  is,  therefore,  extremely  important  to 
closely  monitor  each  animal  independently  as  overcooling  can 
result  in  mortality.  After  induction  of  anesthesia,  the  surgeon 
oftentimes  has  less  than  5  min  before  the  mouse  begins  to 
awaken,  so  the  procedure  must  be  performed  expediently. 

6.  It  is  important  for  the  surface  of  the  heart  to  be  dry  at  the  time 
of  application  of  the  cryoprobe.  If  the  surgeon  encounters  the 
issue  of  the  cryoprobe  adhering  to  the  surface  of  the  heart  dur- 
ing the  wounding  process,  it  is  likely  that  there  is  excess  mois- 
ture on  the  surface  of  the  heart. 

7.  Postoperative  maternal  cannibalization  is  a  major  problem 
with  neonates,  but  several  measures  can  be  taken  to  limit  mor- 
bidity and  mortality.  Precondition  to  the  scents  acquired  dur- 
ing the  procedure  by  having  the  surgeon  handle  the  mother 
daily  prior  to  the  birth  of  the  pups  and  place  a  small  gauze 
containing  a  few  drops  of  Betadine  solution  in  the  cage. 
Remove  and  replace  the  entire  litter  before  and  after  the  opera- 
tion, respectively.  Careful  cleaning  of  all  traces  of  blood  from 
the  animals'  skin  can  also  reduce  this  form  of  mortality. 
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Chapter  21 


Targeting  Wnt  Signaling  to  Improve  Wound  Healing 
After  Myocardial  Infarction 

Evangelos  P.  Daskalopoulos,  Ben  J.A.  Janssen, 
and  W.  Matthijs  Blankesteijn 


Abstract 

Myocardial  infarction  is  one  of  the  major  causes  of  left  ventricular  dilatation,  frequently  leading  to  heart 
failure.  In  the  last  decade,  the  wound  healing  process  that  takes  place  in  the  infarct  area  after  infarction  has 
been  recognized  as  a  novel  therapeutic  target  to  attenuate  left  ventricular  dilatation  and  preserve  an  ade- 
quate cardiac  function.  In  this  chapter,  we  discuss  the  role  of  Wnt  signaling  in  the  wound  healing  process 
after  infarction,  with  a  specific  focus  on  its  modulating  effect  on  myofibroblast  characteristics. 

Key  words  Wnt,  Wound  healing,  Myofibroblast,  Heart  failure 


1  Introduction 

Following  myocardial  infarction  (MI),  a  plethora  of  cellular  and 
noncellular  mechanisms  is  activated,  in  order  to  overcome  myo- 
cardial injury.  These  mechanisms  lead  to  the  formation  of  fibrotic 
tissue  in  the  infarcted  area  of  the  myocardium,  which  is  crucial  for 
the  maintenance  of  the  architectural  and  functional  integrity  of 
the  heart.  However,  structural  and  functional  changes  also  occur 
in  areas  remotely  from  the  infarct  area,  leading  gradually  to  ven- 
tricular remodeling  and  eventually  to  heart  failure  (HF)  [1,  2]. 
Heart  failure  is  a  worldwide  major  public  health  issue  with  high 
prevalence,  high  morbidity,  and  a  substantial  burden  for  health 
care  systems  [3]. 

Lately,  the  interest  for  the  myofibroblast  and  its  role  in  the 
wound  healing  of  the  heart  tissue  after  an  infarction  is  growing. 
Myofibroblasts  are  cells  with  contractile  properties  that  appear 
shortly  after  MI,  produce  collagen,  communicate  with  myocytes 
and  non-myocyte  cells,  and  are  the  major  mediators  of  the  fibrotic 
process  and  infarct  healing  [4].  Nevertheless,  they  are  also  impli- 
cated in  the  fibrosis  of  non-infarcted  myocardial  areas,  which  leads 
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to  adverse  remodeling  and  HF.  Hence,  factors  and  mechanisms 
that  can  alter  the  numbers  and  functioning  of  these  cells  can  have 
notable  effects  on  the  structure,  morphology,  and  performance  of 
heart  tissue  [5]. 

The  purpose  of  this  chapter  is  to  discuss  the  basic  concepts  of 
the  myofibroblast  actions  during  the  cardiac  wound  healing  pro- 
cess and  the  factors  that  influence  them.  Moreover,  we  give  an 
overview  of  the  myofibroblast  involvement  in  wound  healing  after 
MI,  the  pathological  effect  of  ventricular  remodeling  and  its  cru- 
cial role  in  the  development  of  HF,  as  well  as  the  current  pharma- 
cological treatment  on  these  cells.  Furthermore,  a  part  of  this 
chapter  is  dedicated  to  describing  the  general  principles  of  the 
Wnt/Frizzled  (Wnt/Fzd)-signaling  pathway  and  provide  an 
insight  on  the  role  it  plays  in  the  wound  healing  following  an 
infarct.  Although,  the  Wnt/Fzd-signaling  pathway  has  several 
effects  on  the  cardiovascular  system,  it  is  beyond  the  scope  of  this 
chapter  to  address  any  of  these  that  are  not  involved  in  post-MI 
wound  healing. 


2   Myocardial  Infarction,  Wound  Healing,  Adverse  Remodeling,  and  Heart  Failure 

2.1    Epidemiology  MI  is  one  of  the  major  causes  of  mortality  and  morbidity  in  the 

Of  Ml  and  HF  Western  world.  According  to  a  report  produced  by  the  WHO  in 

the  dawn  of  2011,  cardiovascular  disease  is  the  most  common 
cause  of  death  worldwide.  It  was  estimated  that  in  the  year  2004, 
coronary  heart  disease  caused  approximately  7.2  million  deaths  [6]. 
In  the  USA  alone,  the  overall  prevalence  of  MI  in  the  population 
is  7.9  million  [7].  The  main  cause  of  MI  is  partial  or  total  occlusion 
of  an  epicardial  coronary  artery  by  a  thrombus  or  an  atheromatous 
plaque  that  ruptures  or  erodes  [8].  Blood  flow  to  the  affected  area 
of  the  myocardium  is  insufficient — or  might  even  be  completely 
blocked — leading  to  cardiomyocyte  death  due  to  ischemia  [1]. 
The  magnitude  of  the  myocardial  damage  depends  on  the  location 
of  the  coronary  occlusion,  on  its  severity  and  the  time  taken  for  the 
artery  to  be  reperfused  by  itself,  with  the  use  of  fibrinolytics  or  by 
Percutaneous  Coronary  Intervention  (PCI).  Moreover,  several 
pharmacological  agents  can  be  used  during  the  acute  phase  of  MI, 
in  order  to  manage  the  deleterious  effects  of  the  ischemic  injury. 
Examples  are  antiplatelet  and  antithrombotic  treatment,  glycopro- 
tein Ilb/IIIa  inhibitors,  direct  thrombin  inhibitors,  Factor  X 
inhibitors,  etc.  [8]. 

Myocardial  injury  that  follows  MI,  promotes  left  ventricular 
remodeling  events  that  continue  for  months  or  years  and  eventu- 
ally lead  to  the  development  of  heart  failure  which  is  one  of  the 
most  disabling,  deadly,  and  costly  clinical  syndromes  for  the 
Western  societies  [3].  Worldwide,  there  are  more  than  23  million 
people  suffering  due  to  HF,  while  in  the  USA  alone,  the  prevalence 
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is  above  5.8  million  [9].  As  documented  in  the  latest  American 
Heart  Association  Report,  mortality  for  patients  with  HF  is  still 
very  high  and  about  one  in  two  patients  diagnosed  with  HF  will 
die  within  5  years.  The  financial  burden  for  the  health  care  systems 
is  enormous.  In  2007,  about  11  %  of  the  total  deaths  (277,193 
deaths)  in  the  USA  were  attributed  to  HF  [7].  More  than  40  %  of 
patients  firstly  diagnosed  with  HF  will  return  to  the  hospital  within 
the  first  6  months,  with  each  readmission  costing  more  than  US 
$7,000  per  patient  to  the  US  health  care  system  [10].  The  total  cost 
due  to  HF-related  admissions  in  the  USA  hospitals  was  US  $39 
billion  per  year  [9],  while  in  the  UK  the  NICE  2010  report 
revealed  that  the  cost  for  community- based  drug  therapy  of  HF  in 
the  NHS  was  approximately  £129  million  per  year  [11]. 

2.2    The  Wound  Cardiac  wound  healing  following  MI  is  a  complex  and  dynamic 

Healing  Process  process  that  involves  a  myriad  of  chemical  molecules,  cells,  and 

After  Ml  mechanisms  that  lead  to  the  establishment  of  a  fibrous  scar.  Cardiac 

wound  healing  can  be  divided  into  four  distinct  phases.  The  first 
phase  of  wound  healing  starts  straight  after  the  MI  and  is  charac- 
terized by  the  death  of  cardiomyocytes.  Adult  cardiomyocytes  are 
terminally  differentiated  cells,  which  means  that  substitution  of 
dead  myocytes  after  MI  is  very  limited  (if  possible  at  all)  [12]. 
Myocyte  death  occurs  via  necrosis  (cell -swelling)  and/or  apoptosis 
(cell -shrinkage),  with  apoptosis  reaching  a  peak  6-8  h  after  MI  in 
humans  and  Rattus  norvegicus  [  1  ] . 

The  acute  inflammatory  response  (12-16  h  post-MI)  signifies 
the  second  phase  of  wound  healing  [13].  The  complement  system 
is  activated  and  several  cytokines  and  chemokines  are  released  (e.g., 
tumor  necrosis  factor-oc  [TNF-oc],  interleukin-ip  [IL-ip],  interleu- 
kin-6  [IL-6],  interleukin-8  [IL-8],  and  interleukin-18  [IL-18]) 
[14,  15].  Neutrophilic  granulocytes  infiltrate  the  area  and  remove 
dead  myocytes,  while  at  the  same  time  attracting  lymphocytes, 
macrophages,  and  plasma  cells  [1,  14]. 

The  third  phase  of  wound  healing  in  the  infarcted  myocardium 
is  characterized  by  granulation  tissue  deposition.  This  is  done  first 
in  the  border  zone  and  then  in  the  center  of  the  infarct  [1].  The 
main  factor  initiating  this  phase  is  the  fibrogenetic  mediator  cyto- 
kine, transforming  growth  factor-p  (TGF-p).  The  main  function  of 
its  many  roles  is  to  stimulate  fibroblast-to-myofibroblast  differentia- 
tion [16].  Myofibroblasts  differentiate,  proliferate,  and  start  sur- 
rounding the  infarcted  area  and  depositing  collagen  (types  I  and  III) 
which  eventually  with  the  addition  of  several  other  factors  and  pro- 
teins will  make  up  the  extracellular  matrix  (ECM).  The  ECM  is  a 
3D  mesh  that  is  the  scaffolding  for  myocytes  and  non-myocytes 
which  maintain  the  cardiac  architecture  and  function  [15,  17]. 
Along  with  collagen  deposition,  it  has  been  proven  that  collagen 
degradation  is  also  activated  and  is  mediated  via  metalloproteinases 
(MMPs)  [18].  Lastly,  neovascularization  of  the  infarct  area  is  an 
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integral  part  of  the  third  phase  of  wound  healing.  New  blood 
vessels  are  formed  and  aim  to  restore  the  perfusion  of  the  injured 
area  [14,  19].  It  is  worth  noting  that  studies  in  rats  have  shown 
that  coronary  flow  is  restored  completely  7  days  post-MI.  The 
third  phase  lasts  for  2-3  weeks  in  mice,  but  it  is  longer  in  the 
human  myocardium  (up  to  2  months)  [1]. 

Finally,  the  fourth  stage  of  cardiac  tissue  healing  is  character- 
ized by  the  maturation  of  granulation  tissue  and  the  formation  of 
a  stabilized  scar.  The  main  attributes  of  this  phase  are  disappear- 
ance of  the  inflammatory  cells — mostly  via  apoptosis — and  cross - 
linking  of  the  ECM  [15].  Although  myofibroblast  numbers  start 
decreasing  about  7  days  post-MI  [15],  a  study  by  Willems  et  al.  has 
demonstrated  that  human  myofibroblasts  might  persist  in  the 
infarct  area  for  up  to  17  years  post-MI  [20].  Poorly  healed  infarcts 
usually  are  shown  to  lose  their  myofibroblasts  very  early  in  the 
healing  process,  hence  the  presence  (and  persistence)  of  myofibro- 
blasts in  the  infarct  area  for  a  long  time  is  crucial  [2].  An  overview 
of  the  four  phases  of  the  wound  healing  following  MI  is  given  in 
Table  1  [1,21]. 

It  has  to  be  noted  that  the  wound  healing  process  in  the  myo- 
cardium is  accelerated  in  smaller  animals  like  rats  and  mice,  in  com- 
parison to  humans.  Hence  one  should  be  careful  when  extrapolating 
from  animal  studies  and  drawing  conclusions  for  cardiac  wound 
healing  in  humans  [1].  Moreover,  the  presence  of  myofibroblasts 
seems  to  be  directly  connected  to  infarct  healing.  In  a  recent  study 
by  our  group,  marked  deviations  between  the  cardiac  remodeling 
of  five  mouse  strains  were  demonstrated.  High  numbers  of  myofi- 
broblasts were  correlated  to  higher  ejection  fraction  (EF)  and 
lower  end  diastolic  volume  (EDV)  measurements.  Hence,  it  was 
demonstrated  that  myofibroblasts  are  key  players  in  wound  healing 
and  that  their  presence  prevents  infarct  dilatation  and  attenuates 
the  development  of  HF  [22]. 

The  post-MI  wound  healing  process  of  the  myocardium  is  charac- 
terized by  drastic  molecular,  cellular,  structural,  and  functional  alter- 
nations in  the  infarct  area  [1].  The  healing  process  is  associated  with 
the  activation  of  the  renin-angiotensin-aldosterone  system  (BAAS), 
the  adrenoceptor  signaling  pathways,  the  release  of  a  wide  range  of 
cytokines  and  chemokines,  and  other  chemical  molecules,  as  well  as 
die  mobilization  of  various  cell  types  [21, 23].  Cardiomyocyte  death 
and  the  presence  of  cross-linked  ECM  in  the  void  spaces  lead  to 
depressed  pumping  capacity  and  increased  ventricular  chamber  vol- 
ume, in  order  to  sustain  a  normal  cardiac  output  [23]. 

Per  contra,  the  fibrotic  changes  are  not  confined  to  the  infarct 
site,  but  also  occur  in  areas  that  lie  remote  from  the  infarct  area 
(non-infarcted  left  ventricle  [LV]  or  even  right  ventricle  [RV])  [1]. 
The  fibrotic  tissue  spreads  into  the  non-infarcted  areas  of  the  heart 
and  is  characterized  by  deposition  of  ECM  with  abnormal  cross- 
linking.  The  main  effect  of  the  ECM  deposition  in  the  unaffected 
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Table  1 

Overview  of  the  wound  healing  phases  of  the  infarcted  heart  in  humans 


Phase  1 

Cardiomyocyte  death 

Immediately  after  MI  until 
fourth  day  post-MI 

Necrosis 

Apoptosis 

Phase  2 

Acute  inflammatory  reaction 

6  h  post-MI  until  fifth  to  sixth 
day  post-MI 

Complement  activation 

Release  of  cytokines  and  chemokines 

Recruitment  of  granulocytes,  lymphocytes,  macrophages 

Phagocytosis 

Phase  3 

Granulation  tissue  formation 

Second/third  day  until  first 
month  post-MI 

Myofibroblast  differentiation /migration /proliferation 

Collagen  secretion  and  deposition 

ECM  degradation  by  MMPs  (mostly  in  the  infarcted  area) 

Neovascularization 

Phase  4 

Scar  maturation/cardiac  remodeling 

Third  week  until  months 
or  years  post-MI 

Collagen  cross-linking 

Disappearance  of  cells  (except  myofibroblasts) 

MI  myocardial  infarction,  ECM  extracellular  matrix,  MMPs  matrix  metalloproteinases 


myocardium  is  the  development  of  muscle  stiffness  [24].  The  stiff 
cardiac  muscle  needs  to  work  harder  in  order  to  pump  adequate 
amounts  of  blood,  causing  cardiomyocytes  of  the  non-infarcted 
sites  to  become  hypertrophic  [25].  This  eventually  leads  to  a 
decline  in  their  contractile  capacity  and  worsening  of  the  cardiac 
performance  [23].  If  LV  hypertrophy,  ventricular  dilatation,  and 
fibrotic  myocardial  stiffness  are  left  untreated,  eventually  the  heart 
becomes  unable  to  fulfill  its  primary  function  (pumping  of  blood) 
and  HF  develops  [2,  3,  23,  26]. 


3  The  Role  of  Fibroblasts  and  Myofibroblasts  During  Cardiac  Wound  Healing 

3.1    Fibroblasts  Fibroblasts  are  cells  producing  connective  tissue  and  can  be  found 

and  the  Origins  in  a  variety  of  tissues,  in  all  vertebrates.  They  are  flat,  spindle  - 

Of  Myofibroblasts  shaped  cells  with  an  elliptical -shaped  nucleus  [27],  a  large  Golgi 

apparatus,  and  an  extensive  rough  endoplasmic  reticulum  [17]. 

Fibroblasts  show  great  variability  regarding  their  phenotype  and  it 
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Endothelial         Epithelial  Fibroblast  Fibroeyte  Fericyte 


proto- myofibroblast 


Differentiated 
myofibroblast 


• 

Nucleus 

ED  A  FN 

4/ 

a-SMA 

Fig.  1  The  origins  of  the  myofibroblast.  A  variety  of  cells,  under  the  influence  of 
specific  factors,  stimulate  the  differentiation  of  fibroblasts  to  the  activated  myo- 
fibroblasts. Myofibroblasts  originate  mostly  from  local  fibroblasts,  but  also  from 
endothelial  cells  (endothelial-mesenchymal  transition),  epithelial  cells  (epithe- 
lial—mesenchymal  transition),  fibrocytes  (mesenchymal  progenitors),  or  peri- 
cytes. These  cells  differentiate  into  an  intermediate  form  (proto-myofibroblast) 
and  under  further  stimulation  by  mechanical  stress,  TGF-pi  or  FN  ED-A  the  inter- 
mediate form  differentiates  to  the  activated  myofibroblast.  Abbreviations: 
TGF-p  1  transforming  growth  factor  p1 ,  FN  ED-A  fibronectin  extra-domain  A 


is  characteristic  that  they  can  be  heterogeneous  even  within  the 
same  anatomical  site  (e.g.,  in  different  parts  of  the  heart  muscle), 
depending  on  the  condition  (normal  or  pathological)  [28,  29]. 

Under  physiological  conditions  only  fibroblasts  are  present  in 
the  heart.  Several  stimuli  (e.g.,  ischemia  or  mechanical  stress)  can 
however  lead  to  their  differentiation  into  the  activated  myofibro- 
blasts that  are  normally  not  found  in  the  healthy  adult  heart  [30]. 
Myofibroblasts  may  originate  from  preexisting  locally  present 
fibroblasts  that  spontaneously  differentiate  into  their  activated 
counterparts  under  the  influence  of  local  factors  (e.g.,  TGF-p). 
Moreover,  a  wide  range  of  cells  (Fig.  1)  can  differentiate  into  myo- 
fibroblasts under  the  pressure  of  various  stimuli.  Myofibroblasts 
can  arise  from  epithelial  [31]  or  endothelial  cells  [32],  fibrocytes 
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[33],  or  pericytes  [34].  Nevertheless,  the  exact  mechanisms  by 
which  specific  cells  differentiate  into  the  myofibroblast  phenotype 
still  remains  unclear. 

Cardiac  fibroblasts  are  responsible  for  maintaining  the  architecture 
and  the  functional  integrity  of  the  healthy  heart  by  controlling 
homeostasis  of  the  ECM.  This  is  done  by  regulating  the  secretion 
of  ECM,  the  activity  of  matrix  MMPs  that  metabolize  collagen  and 
the  activity  of  the  tissue  inhibitors  of  metalloproteinases  (TIMPs) 
which  inhibit  the  activity  of  MMPs  [4].  In  case  of  a  myocardial 
injury,  drastic  changes  occur  at  the  molecular  level  and  fibroblasts 
differentiate  into  the  proto-myofibroblast  phenotype  and  then  to 
the  activated  myofibroblasts  [2,  35].  The  main  difference  of  the 
proto-myofibroblast  from  the  fibroblast  phenotype  is  the  enhanced 
expression  of  fibronectin  (mainly  the  splice  variant  with  the  extra- 
domain  A  [ED-A]  module);  however,  the  proto-myofibroblast 
does  not  express  a-smooth  muscle  actin  (oc-SMA)  [36].  The  latter 
is  detected  only  in  fully  differentiated  myofibroblasts,  and  it  is  cru- 
cial for  the  contractile  properties  of  myofibroblasts  [37].  Moreover, 
differentiated  myofibroblasts  possess  hyper-mature  focal  adhesions 
and  have  increased  amounts  of  ED-A  fibronectin  (ED-A  FN)  which 
also  plays  a  key  role  in  the  functionality  of  the  myofibroblast  [38]. 

Myofibroblasts  are  responsible  for  "fine-tuning"  collagen 
turnover  during  the  wound  healing  and  remodeling  that  follows 
MI  [4].  They  migrate  to  the  infarct  area  (Fig.  2)  under  the  influence 
of  various  factors  and  produce  pro-collagen  (a  collagen  precursor), 
which  is  transformed  into  the  active  forms  (collagen  I  and  III) 
by  pro-collagen  proteinases  [39].  Collagen  and  several  other  com- 
ponents (fibronectin,  proteoglycan,  elastin,  matricellular  proteins, 
cytokines,  growth  factors,  proteases,  etc.)  cross-link  and  form  a 
complex  matrix,  the  ECM  [40-42].  ECM  is  deposited  first  in  the 
border  zone  (the  site  between  the  infarcted  and  the  non-infarcted 
area)  and  then  in  the  infarct  [1].  It  serves  the  vital  role  of  filling 
empty  spaces  that  have  appeared  after  the  death  of  cardiomyocytes 
and  forms  the  fibrotic  scar  which  heals  the  wound  caused  after 
ischemic  injury.  Furthermore,  the  ECM  serves  as  the  network  for 
communication  and  transmission  of  signals  between  myocytes  and 
other  heart  cells,  both  in  the  infarcted  and  the  unaffected  myocar- 
dium [40].  The  actions  and  functions  of  the  differentiated  cardiac 
myofibroblast  are  summarized  in  Fig.  3. 

Myofibroblasts  can  be  stimulated  by  a  broad  spectrum  of  factors 
that  range  from  chemical  mediators,  proteins,  and  receptors  to 
mechanical  stretch  and  electrophysiological  changes. 

As  mentioned  above,  several  endogenous  compounds  are  released 
at  the  site  of  injury  following  MI.  These  compounds  stimulate 
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Fig.  2  Microscopic  images  of  mouse  myocardium.  Staining  with  oc-SMA  antibody 
(Sigma)  correlates  to  a-SMA  expression  by  myofibroblasts.  Image  (a)  corre- 
sponds to  non-infarcted  myocardium,  while  image  (b)  is  a  section  from  an 
infarcted  area  (14  days  post-MI).  Note  that  the  staining  observed  in  image  (a)  is 
due  to  a-SMA  staining  of  smooth  muscle  cells  that  line  the  blood  vessels.  Scale 
bar  equals  100  \im.  Abbreviations:  Ml  myocardial  infarction,  a-SMA  a-smooth 
muscle  actin 


the  myofibroblasts  in  order  to  differentiate,  proliferate,  and 
migrate  into  the  infarct  site.  Examples  include  vasoactive  pep- 
tides, growth  factors,  and  several  cytokines.  TGF-p  is  a  pleiotro- 
pic  growth  factor  of  vital  importance  for  several  cellular  functions. 
Three  TGF-p  forms  exist,  with  TGF-pi  being  the  most  impor- 
tant. It  acts  on  its  receptors  (activin  receptor-like  ldnase  1  [ALK1] 
and  activin  receptor-like  kinase  5  [ ALK5  ] )  which  in  turn  activate 
the  Smad  proteins.  Smads  form  complexes  and  translocate  into 
the  nucleus  in  order  to  induce  target  gene  expression  [43,  44]. 
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Intercellular  communication  Secretion  of  chemical  stimuli 


Fig.  3  Overview  of  the  most  important  functions  of  the  differentiated  myofibroblast.  The  activated  myofibroblast 
can  proliferate,  migrate  to  the  site  of  the  infarction,  secrete  and  deposit  collagen  and  ECM  proteins,  communi- 
cate with  other  cells  such  as  myocytes  or  non-myocyte  cells,  and  secrete  a  plethora  of  chemical  stimuli  (Ang-ll, 
TGF-pi ,  TNF-a,  interleukins  IL-1  p/IL-6).  Due  to  the  wide  range  of  its  functions,  the  myofibroblasts  is  a  key  factor 
during  the  healing  process  after  Ml.  Abbreviations:  ECM  extracellular  matrix,  /4ngr-//angiotensin-ll,  TGF-p  1  trans- 
forming growth  factor  pi ,  TNF-a  tumor  necrosis  factor  a,  IL-1/3/IL-6  interleukin-1  p/interleukin-6 


In  the  heart,  TGF-p  modulates  proliferation  and  migration  of 
fibroblasts  and  stimulates  fibroblast-to-myofibroblast  differentia- 
tion after  MI  [38,  43-45].  Further,  it  induces  collagen  secretion, 
suppresses  MMPs  and  induces  TIMPs,  leading  to  a  net  increase 
of  the  ECM  deposition  [44]  and  hence  playing  a  major  role  in 
the  fibrosis  that  follows  MI. 

It  has  been  well  established  that  RAAS  is  activated  following 
MI  and  that  this  is  one  of  the  major  factors  determining  cardiac 
remodeling  [46].  Angiotensin-converting  enzyme  (ACE)  and  the 
angiotensin- II  type  1  receptors  (ATI -receptors)  are  expressed  by 
myofibroblasts  during  fibrotic  repair  after  MI  [30].  Ang-II  acts  by 
stimulating  the  proliferation  and  differentiation  of  fibroblasts  and 
modulates  ECM  deposition.  This  modulatory  effect  appears  to  be 
mediated  via  ATI-receptors  [16,  47].  On  the  other  hand,  there  is 
a  hypothesis  for  a  cross-talking  mechanism  between  TGF-pi  and 
Ang-II,  which  is  supported  by  the  observation  that  drugs  inhibit- 
ing Ang-II  signaling  (ACE  inhibitors  and  ATI-receptor  blockers) 
after  MI,  are  shown  to  deplete  TGF-p  levels  [48].  Lately,  the  ben- 
eficial role  of  ACE2  and  Ang  (1-7) — a  peptide  with  opposite 
effects  to  Ang-II — has  been  receiving  interest  as  a  modulator  of 
cardiac  remodeling  [49]  with  effects  mediated  via  MMPs  [50]. 
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A  broad  spectrum  of  cytokines,  such  as  TNF-oc  and  interleukins 
modulate  cardiac  fibroblasts.  TNF-oc  is  a  pro -inflammatory  cyto- 
kine expressed  in  the  cardiac  fibroblast.  It  suppresses  ECM  deposi- 
tion in  rat  cardiac  fibroblasts  [51]  and  this  is  probably  via  a 
modulation  of  MMPs  [52].  Interleukin-6  (IL-6)  is  involved  in  cell 
growth,  differentiation,  and  apoptosis  and  has  been  shown  to  be 
present  in  cardiac  fibroblasts  [53].  Just  like  TNF-oc,  IL-6  suppresses 
collagen  deposition  and  secretion  [51].  It  has  also  been  shown  that 
its  receptor  (soluble  IL-6  receptor)  is  of  major  importance  for  myo- 
fibroblast differentiation  as  well  as  for  collagen  deposition  [54]. 
IL-ip  suppresses  the  proliferation  of  rat  cardiac  fibroblasts  [55] 
and  it  has  a  direct  negative  effect  on  fibrosis  by  inhibiting  collagen 
deposition  and  enhancing  MMP  activity  [51].  The  other  member 
of  the  IL-1  family,  IL-loc  has  been  shown  to  modulate  the  expres- 
sion of  various  MMPs  and  TIMP-1  in  cultured  myofibroblasts 
from  human  hearts  [56].  Lastly,  IL-17  and  IL-18  also  seem  to  play 
minor  roles  in  the  migration  of  cardiac  fibroblasts  and  collagen 
deposition  [57,  58]. 

Osteopontin  (OPN)  is  a  protein  (also  known  as  cytokine  Eta-1 ) 
[59]  that  is  involved  in  the  wound  healing  process.  The  expression 
of  OPN  in  mice  is  induced  in  the  infarct  area  as  well  as  in  areas 
remote  from  the  infarct,  and  this  appears  to  modulate  differentia- 
tion and  activity  of  myofibroblasts  [60].  Trueblood  et  al.  demon- 
strated substantial  changes  in  the  collagen  secretion  and  the  MMP 
activity,  in  knockout  mice  for  the  OPN  (OPN"/_).  These  mice 
showed  increased  LV  dilatation  and  depressed  heart  function  mea- 
surements [61],  indicating  that  OPN  plays  a  crucial  role  in  the 
remodeling  after  myocardium  injury. 

Fibronectin  (FN)  is  one  of  the  main  components  of  the  ECM. 
When  an  extra-domain  A  module  (ED -A)  is  incorporated  into  the 
fibronectin  structure,  this  leads  to  the  formation  of  the  ED-A  fibro- 
nectin (ED-A  FN)  splice  variant.  This  splice  variant  has  enhanced 
adhesive  abilities  and  is  a  critical  factor  in  the  cross-linking  between 
fibronectin  and  various  cardiac  cells  as  well  as  the  rest  of  the  ECM 
components.  This  is  crucial  for  TGF-p-mediated  fibroblast-to-myo- 
fibroblast differentiation  [62,  63].  ED-A  FN  is  induced  in  cardiac 
myofibroblasts  in  vitro  as  well  as  in  healed  infarcts  in  vivo  [64], 
hence  its  role  in  the  wound  healing  process  is  decisive. 

Moreover,  hyaluronan  (HN)  is  a  glucosamine  that  forms  poly- 
meric chains  and  associates  with  cardiac  cells  via  CD44  [65].  In  an 
early  study  on  an  experimental  rat  MI  model,  the  increased  pres- 
ence of  HN  in  the  infarct  area  and  the  non-infarcted  myocardium 
was  observed  [66].  Infarcts  of  CD44-knockout  mice  demonstrate 
suppressed  collagen  secretion  and  reduced  migration  and  prolifera- 
tion of  fibroblasts  [67].  The  inhibition  of  fibroblast  HN  leads  to  a 
suppressed  oc-SMA  expression  during  differentiation  of  myofibro- 
blasts [68],  implying  that  the  CD44-mediated  HN  is  essential  for 
maintenance  of  the  myofibroblast  phenotype  and  infarct  healing. 
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Lastly,  the  peroxisome  proliferator- activated  receptor  y 
(PPAR-y)  belongs  to  the  nuclear  hormone  receptor  superfamily. 
PPAR  members  exert  various  important  functions  with  a  special 
focus  on  the  lipid  regulation  and  the  metabolism  of  glucose  [69]. 
PPAR-y  not  only  regulates  glucose  levels,  but  has  also  been  proven 
to  be  expressed  in  cardiac  myofibroblasts  [70].  PPAR-y  is  mostly 
expressed  in  cardiomyocytes  under  physiological  conditions,  but 
its  expression  is  increased  in  cardiac  fibroblasts  of  the  infarct  area, 
3  weeks  post-MI  [71],  hence  it  seems  to  be  a  modulator  of  the 
wound  healing  process,  although  the  PPAR-y  effects  on  fibroblast 
migration  and  differentiation  are  still  not  clear-cut  [4]. 

3.3.2  Mechanical  Following  MI,  mechanical  stretch  stimulates  the  myofibroblasts,  in 

and  Electrophysiological  order  to  increase  the  expression  of  collagen  fibers  I  and  III  [72]. 
Stimulation  The  orientation  of  collagen  fibers  is  closely  connected  to  the 

mechanical  stretch  applied  and  is  a  major  determinant  of  the  resis- 
tance of  the  myocardial  scar  [41].  A  scar  that  is  inadequately  healed 
cannot  withstand  the  large  forces  applied  during  systole  and  this 
may  lead  to  life-threatening  rupturing  of  the  myocardium  [73]. 

During  wound  healing  in  the  border  zone,  ECM,  and  myofi- 
broblasts lie  between  cardiomyocytes  and  this  creates  gaps  between 
cardiomyocytes.  Myofibroblasts  form  gap  junctions  with  myocytes 
and  other  myofibroblasts  or  even  with  other  heart  cells.  These  gap 
junctions  are  composed  of  connexins  (Cx43  and  Cx45)  which 
appear  to  directly  modulate  the  proliferation  of  cardiac  fibroblasts. 
Increased  levels  of  Cx43  expression  correlate  to  reduced  prolifera- 
tion of  myofibroblasts  and  vice  versa  [74].  Nevertheless,  the 
formation  of  gap  junctions  can  lead  to  prevention  of  impulse  prop- 
agation, which  may  induce  conductivity  problems  and  conse- 
quently cause  life-threatening  arrhythmias  [75]. 


4   Current  Therapy  for  Heart  Failure  and  Novel  Insights 

The  latest  research  shows  that  life  expectancy  in  the  Western  world 
population  is  constantly  rising  [76].  Due  to  improved  medical 
care,  survival  of  patients  suffering  MI  has  increased  greatly  and  it  is 
estimated  that  the  prevalence  of  heart  failure  will  rise  [77].  The 
pharmacological  arsenal  for  the  treatment  of  heart  failure  has 
evolved  dramatically  in  the  last  40  years  and  comprises  a  wide  range 
of  drug  classes,  such  as  diuretics,  digoxin,  hydralazine,  nitrates, 
angiotensin-converting  enzyme  inhibitors  (ACEI),  angiotensin- 
receptor  blockers  (ARB),  p-blockers,  mineralocorticoid-receptor 
antagonists,  and  statins.  These  are  used  as  monotherapies  or  in 
combinations  depending  on  the  specific  needs  of  patients,  possible 
comorbidities,  etc.  [78,  79].  Drug  classes  such  as  the  ones  affect- 
ing RAAS  (ACEI,  ARB,  mineralocorticoid-receptor  antagonists), 
P-blockers,  and  statins  act  mainly  outside  of  the  infarct  area.  The 
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latest  (2009)  ACC/AHA  guidelines  for  the  treatment  of  patients 
following  an  acute  MI  or  patients  with  HF  are  recommending  the 
use  of  ACEI  or  ARB  therapy,  with  aldosterone  blockers  and 
P-blockers  following  as  second-line  treatment  [80]. 

The  RAAS  system  has  been  established  as  a  key  player  in  normal 
physiology  of  the  heart  as  well  as  wound  healing  following  MI. 
Hence,  the  targeting  of  its  components  is  the  gold  standard  in 
treatment  for  HF  patients  that  have  suffered  MI.  Three  main  drug 
classes  will  be  discussed:  the  ACEI,  the  ARB,  and  the 
mineralocorticoid-receptor  antagonists. 

4. 1. 1  ACEI  and  ARB  The  main  molecule  that  acts  as  the  effector  of  the  RAAS  system  is 

AngTI.  Ang-II  is  secreted  de  novo  by  myofibroblasts  and  modu- 
lates the  deposition  of  collagen,  thus  affecting  fibrosis  of  the  myo- 
cardium (both  infarcted  and  non-infarcted).  This  promotes  adverse 
remodeling  and  eventually  leads  to  HF  [81].  Several  experimental 
studies  with  ACEI  or  ARB  in  animals  have  proven  to  be  inhibitory 
for  fibrosis  and  have  shown  beneficial  effects  on  reducing  mortality 
and  morbidity  [82,  83].  The  favorable  effects  of  these  drug  classes 
are  achieved  via  maturation  of  scar  tissue  in  the  infarct  border  zone, 
which  prevents  ECM  from  being  deposited  in  areas  that  are  far 
from  the  infarct  [84].  Their  effect  on  collagen  might  be  more 
complex.  The  ACEI  seem  to  use  five  different  mechanisms  by 
which  they  modulate  collagen  formation  and  deposition:  by 
decreasing  Ang-II  production,  inhibiting  Ang-(l-7)  degradation, 
suppressing  MMP  activity,  amplifying  the  action  of  bradykinin,  and 
inhibiting  the  N-acetyl-seryl-aspartyl-lysyl-proline  (Ac-SDKP) 
degradation.  On  the  other  hand,  the  ARB  exhibit  their  anti-fibrotic 
effects  via  the  following  mechanisms:  decreasing  Ang-II  actions  on 
AT-1  receptors,  inducing  Ang-(l-7)  actions,  inhibiting  MMP 
activity,  increasing  the  bradykinin  effects,  and  activating  AT-2 
receptor  activity  [85].  A  large  number  of  randomized  controlled 
trials  (RCTs)  in  human  patients  using  ACEI,  ARB  or  a  combina- 
tion of  the  two,  have  demonstrated  that  suppression  of  Ang-II 
inhibits  cardiac  adverse  remodeling  and  reduces  overall  mortality 
and  morbidity  following  MI  [86-89].  These  two  drug  classes  are 
thus  the  standard  therapy  in  the  pharmacological  HF  treatment  of 
patients  post-MI. 

4.7.2  Mineralocorticoid-  Aldosterone  also  plays  an  important  role  in  the  RAAS  system. 
Receptor  Antagonists  Several  experimental  groups  have  demonstrated  that  aldosterone 

directly  affects  cardiac  fibroblasts  and  leads  to  cardiac  fibrosis. 
Elevated  levels  of  aldosterone  have  been  shown  to  increase  pro- 
liferation and  induce  collagen  synthesis  in  animal  [90,  91]  and 
human  fibroblasts  [92].  In  a  quite  recent  study  in  rats,  high 
doses  of  aldosterone  given  intravenously  (I/V)  induced  collagen 
levels  in  the  LV,  while  intrapericardial  administration  had  no  effect. 


4.1  Targeting 
the  RAAS 
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On  the  other  hand,  when  lower  doses  of  aldosterone  were  used, 
it  was  the  intrapericardial  administration  that  elevated  collagen 
secretion  in  the  LV,  while  I/V  administration  showed  no  signifi- 
cant effects  regarding  collagen  secretion  and  deposition  [93]. 
Two  RCTs  have  shown  that  the  use  of  aldosterone  antagonists 
can  be  beneficial  in  reducing  mortality  and  morbidity  of  patients 
with  HF.  In  the  RALES  study  [94]  spironolactone  (an  aldoste- 
rone receptor  blocker)  was  utilized  in  combination  with  the 
standard  therapy  (ACEI  plus  a  loop  diuretic),  while  in  the 
EPHESUS  study  [95]  eplerenone  (a  more  selective  aldosterone 
blocker)  was  coadministered  with  ACEI  and  loop  diuretics. 
These  two  RCTs  demonstrated  a  survival  benefit  and  a  decreased 
morbidity  in  patients  with  HF.  Furthermore  a  study  by  Zannad 
et  al.  showed  that  the  addition  of  spironolactone  to  standard  ther- 
apy suppressed  the  levels  of  serum  markers  of  cardiac  fibrosis  in 
HF  patients,  which  is  translated  into  a  direct  clinical  benefit  [96]. 

4.1.3  Renin  Inhibitors  Lastly,  the  direct  renin  inhibitor  Aliskiren  has  been  shown  to  sup- 
press de  novo  Ang-II  synthesis  [97]  and  could  potentially  have  a 
place  in  the  treatment  of  HF  post-MI.  It  is  not  however,  licensed 
yet  for  use  in  the  treatment  of  HF  [98]. 

4.2   Targeting  The  drug  class  of  p-adrenoceptor  blockers  is  also  one  of  the  main 

fi -Adrenoceptors  tools  for  pharmacotherapy  in  the  treatment  of  HF  after  MI  and  they 

have  been  shown  to  slow  down  the  progression  of  HF  by  attenuat- 
ing ventricular  remodeling  [99].  Following  MI,  cardiomyocytes  are 
lost  and  the  blood  pumping  ability  of  the  heart  muscle  is  compro- 
mised. Hence,  in  order  to  sustain  the  organs  with  an  adequate  blood 
supply  there  is  a  need  for  an  increase  in  the  cardiac  output,  [100]. 
This  is  done  via  the  secretion  of  catecholamines  that  activate  the 
P-adrenoceptor  pathway  and  increase  cardiac  output  [101]. 

On  the  other  hand,  sustained  increase  in  p-adrenoceptor  activ- 
ity can  cause  adverse  effects,  especially  in  a  patient  with  comorbidi- 
ties, so  the  use  of  p-blockers  is  encouraged.  This  drug  class  can  have 
several  beneficial  effects  such  as  reducing  heart  rate,  contractility  of 
the  myocardium  and  the  blood  pressure,  limiting  cardiac  remodel- 
ing, and  decreasing  the  risk  for  another  MI  [85].  pi-Selective 
antagonists  are  routinely  used  in  the  treatment  of  HF  [102];  how- 
ever, in  the  COMET  study  it  was  demonstrated  that  carvedilol,  a 
nonselective  agent  which  blocks  both  pi-  and  p2-adrenoceptors,  is 
more  beneficial  compared  to  pi-selective  agents  (metoprolol) 
[103].  Cardiomyocytes  express  predominantly  the  p  1  -  adrenoceptor, 
while  the  p2- adrenoceptor  is  the  receptor  type  mainly  expressed  in 
cardiac  fibroblasts  [104].  p2 -Antagonism  is  found  to  inhibit  fibro- 
blast proliferation  [105]  and  modulate  the  secretion  of  collagen 
[106].  Nevertheless,  it  is  not  clear  yet  how  the  p-adrenoceptor  sig- 
naling pathways  affect  myofibroblast  differentiation  and  how  they 
exert  their  effects  on  the  ECM  [4]. 
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4.3  Statins  Finally,  the  HMG-CoA  reductase  inhibitors  (also  known  as  statins) 

have  been  receiving  more  and  more  attention  lately  as  part  of  the 
treatment  of  HF  in  patients  after  ML  Various  research  groups  have 
established  that  several  members  of  the  statins  drug  class  can  affect 
both  fibroblasts  and  myofibroblasts.  Nattel  et  al.  utilized  canine 
cardiac  fibroblasts  to  show  that  simvastatin  decreased  the  fibroblast 
oc-SMA  expression  and  could  be  counteracted  by  the  administra- 
tion of  TGF-p.  This  was  an  indication  that  simvastatin  can  suppress 
the  differentiation  of  fibroblasts  to  myofibroblasts,  an  action  that 
would  be  beneficial  in  the  remote  area  from  the  infarct  [107]. 
Moreover,  the  proliferation  of  myofibroblasts  was  suppressed  in 
mice  by  pravastatin  [108]  and  by  simvastatin  in  rats  [109]  and 
humans  [110],  while  the  deposition  of  collagen  was  found  to  be 
decreased  after  atorvastatin  administration  in  rat  cardiac  fibroblasts 
[111].  Hence,  there  is  evidence  that  apart  from  their  well- 
established  beneficial  effect  on  the  lowering  of  the  blood  choles- 
terol, statins  offer  an  all-around  cardiovascular  protective  role. 
They  not  only  act  on  cardiac  fibroblasts  via  a  variety  of  mechanisms 
but  also  have  pleiotropic  effects  on  cardiomyocytes.  Thus,  they 
modulate  myocardial  remodeling  and  can  be  regarded  as  indispen- 
sible  tools  in  the  pharmacological  treatment  of  patients  following 
MI  [112]. 

4.4  Novel  Moreover,  several  novel  drug  therapies  are  under  way  targeting 
Pharmacological  Tools      myofibroblasts  and  aiming  to  prevent  heart  failure  development 

after  MI.  Some  of  these  challenging  therapies  involve  NADPH 
oxidase  4  (NOX4)  [113,  114],  TGF-p  [44,  115],  microRNAs 
[116, 117],  ET-1  [118, 119],  myocardin-related  transcription  fac- 
tor-A  (MRTF-A)  [120],  and  others.  Nevertheless,  a  detailed  analy- 
sis of  these  novel  opportunities  is  beyond  the  scope  of  this  chapter. 
In  Subheading  5  we  discuss  the  challenging  area  of  Wnt/Fzd- 
signaling  pathway  and  its  key  role  in  the  wound  healing  process 
following  MI. 


5  The  Wnt/Fzd-Signaling  Pathway  and  Its  Implication  in  the  Wound  Healing  Process 

5.1  Wnt  Signaling  Proteins  belonging  to  the  Wnt/Fzd  signaling  pathway  have  been 
identified  as  key  factors  in  a  variety  of  systems.  These  glycoproteins 
play  major  roles  in  many  animal  developmental  processes,  while  at 
the  same  time  they  are  implicated  in  cell  adhesion,  cell  polarity,  cell 
migration  and  proliferation,  and  the  self- renewal  of  stem  cells. 
Moreover,  Wnt  family  proteins  are  involved  in  the  progression  of 
cancer  (colon,  ovarian,  prostate,  breast,  and  hepatocellular),  car- 
diovascular diseases,  osteoporosis,  etc.;  hence  interest  in  them  has 
been  growing  lately.  Nineteen  different  Wnt  proteins  have  been 
described  so  far  in  mammals  and  they  are  divided  into  two  sub- 
families, based  on  their  transforming  ability  of  the  mouse  mam- 
mary epithelial  cell  line.  The  Wnt-1  subfamily  includes  Wnt-1,  -3, 
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-3a,  and  -7a,  while  the  Wnt-5a  subfamily  comprises  of  Wnt-2,  -4, 
-5a,  -5b,  -6,  -7b,  and  -11  [121].  Frizzled  (Fzd)  are  the  main  recep- 
tors that  are  activated  by  the  Wnt  proteins.  They  are  seven  trans- 
membrane receptors  (7-TM)  and  carry  a  large  N-terminal 
cysteine-rich  extracellular  domain,  which  is  of  key  importance  for 
binding  of  the  Wnt  protein  to  the  Fzd  receptor.  In  mammals,  ten 
members  of  the  Fzd  family  have  been  characterized  so  far  [122]. 
The  low-density  lipoprotein  receptor-related  protein  (LRP)  family 
has  also  been  identified  as  an  important  factor  of  the  Wnt/Fzd- 
signaling  pathway,  where  it  acts  as  a  co-receptor  [123].  The  intra- 
cellular proteins  Disheveled  (Dvl)  also  play  a  crucial  role  in  the 
signaling  pathway  [124]. 

The  Wnt/Fzd-signaling  pathway  is  involved  in  various,  high 
complexity  mechanisms  that  transduce  signals  in  the  cell.  These 
signal  transduction  systems  are  divided  into  "canonical"  (Wnt/p- 
catenin  pathway)  and  "noncanonical"  (independent  of  p-catenin) 
signaling  pathways.  The  noncanonical  pathway  is  comprised  of  two 
subdivisions,  one  involving  Ca2+  that  activates  protein  kinase  C 
(PKC)  and  Ca-calmodulin  kinase  II  (CaCKII)  and  another  one 
that  utilizes  Tun-N-kinase  (JNK)  [121].  The  canonical  pathway  is 
the  most  commonly  studied  and  involves  p-catenin  which  is  a  cru- 
cial transcription  coactivator  controlling  cell  adhesion  and  struc- 
ture. p-Catenin  is  known  to  stimulate  a  wide  range  of  genes  that 
are  involved  in  the  hypertrophic  process,  such  as  c-jun,  c-fos, 
c-myc,  and  cyclin  Dl.  This  process  is  mediated  via  the  T-cell  fac- 
tor/lymphocyte enhancer  factor  (Tcf/Lef).  The  Wnt/p-catenin 
signaling  pathway  comprises  a  number  of  components  that  interact 
with  each  other  and  eventually  activate  target  gene  expression 
[125].  In  this  complex  system,  glycogen  synthase  ldnase  3p 
(GSK-3P)  is  a  key  player  [126].  More  specifically,  when  the  endog- 
enous ligand  Wnt  is  present,  it  binds  to  the  Fzd  receptor  and  the 
co-receptor  LRP.  The  interaction  between  these  three  molecules 
activate  Dvl,  which  in  turn  induces  the  formation  of  a  complex 
comprising  of  the  scaffolding  protein  Axin,  GSK-3P,  the  adenoma- 
tous poliposis  coli  gene  product  (APC),  and  casein  ldnase  1  (CK1). 
Formation  of  this  Axin  complex  prevents  the  phosphorylation  of 
P-catenin,  hence  the  latter  is  stabilized  and  translocates  to  the 
nucleus  where  it  forms  a  complex  with  Tcf/Lef  and  induces  the 
expression  of  target  genes.  When  the  Wnt  ligand  is  not  present 
(not  activating  the  Fzd  receptor),  the  Axin  complex  is  unaffected 
and  it  acts  by  degrading  p-catenin.  Hence,  the  translocation  of  the 
latter  to  the  nucleus  and  the  induction  of  target  gene  expression  is 
prevented  [123,  127,  128]. 

5.2  Wnt  Signaling  in 
Cardiac  Development 
and  in  Disease 


The  Wnt  gene  was  first  discovered  by  Nusse  and  Varmus  in  the 
early  1980s  and  focus  was  given  to  its  involvement  in  tumors 
[129].  Since  then,  the  Wnt/Fzd-signaling  pathway  has  been  estab- 
lished as  a  crucial  player  in  the  cardiovascular  system  and 
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specifically  in  all  developmental  phases  of  the  vertebrate  heart. 
McMahon  and  McMahon  demonstrated  that  the  mouse  irp  gene 
(which  was  later  renamed  to  Wnt-2)  is  expressed  in  heart  tissue 
[130].  The  Wnt/Fzd  pathway  (both  canonical  and  noncanonical) 
has  been  proven  to  affect  cardiogenesis,  where  the  canonical  path- 
way acts  in  an  inhibitory  way.  Wnt  signaling  inhibition  has  further 
been  implicated  in  malformation  of  heart  valves  and  great  arteries, 
while  it  also  plays  a  major  role  in  the  differentiation  of  embryonic 
cardiomyocytes  involving  formation  of  Purkinje  fibers.  The  impor- 
tance of  both  canonical  and  noncanonical  Wnt  signaling  pathways 
for  the  normal  development  of  the  heart  is  well-established.  Apart 
from  its  role  in  the  normal  cardiac  development,  a  range  of  cardiac 
pathological  states  has  been  associated  with  the  Wnt-signaling 
pathway.  Cardiac  hypertrophy  and  wound  healing  following  MI, 
along  with  changes  in  blood  vessels  have  been  shown  to  be  regu- 
lated in  varying  degrees  by  the  Wnt/Fzd-signaling  pathway  [131]. 

5.3  Effects  of  Wnt/  Several  studies  have  been  undertaken  on  the  role  of  Wnt/Fzd - 
Fzd  Pathway  on  signaling  pathway  on  wound  healing  following  MI  and  the  effect 

Cardiac  Remodeling         that  the  manipulation  of  this  signaling  system  might  have  in  the 
development  of  HF. 


5.3.1    UseofsFRPs  One  area  that  has  been  studied  is  the  soluble  frizzled  related  pro- 

teins (sFRPs).  These  proteins  can  bind  and  inactivate  both  Wnt 
and  Fzd  [132].  Early  studies  have  shown  that  the  expression  of 
sFRP-3  and  -4  in  the  cardiomyocytes  of  failing  hearts  is  elevated 
and  that  soluble  p-catenin  is  reduced,  implying  a  direct  effect  of 
the  antagonists  sFRP-3  and  -4  on  the  canonical  signaling  pathway 
[133].  Barandon  et  al.,  using  coronary  artery  ligation  model  in 
mice,  underscored  the  beneficial  role  of  the  Wnt/Fzd  pathway 
blockade.  The  infarct  size  of  mice  overexpressing  FzdA  (a  homo- 
logue  of  sFRP-1)  was  found  to  be  reduced  and  cardiac  function 
measurements  were  gready  improved,  compared  to  wild-type  mice 
[134].  Later  studies  demonstrated  that  sFRP-1  can  have  a  direct 
effect  on  cells  involved  in  the  inflammatory  process  following  MI. 
sFRP-1  overexpression  in  leukocytes  caused  a  reduction  of  IL-6 
(pro-inflammatory  cytokine)  expression  and  an  increase  of  IL-10 
(antiinflammatory  cytokine)  expression.  These  events  lead  to 
improvement  in  hemodynamic  measurements  and  a  reduction  of 
the  infarct  size,  signifying  the  importance  of  fine  balance  between 
anti-  and  pro-inflammatory  factors  in  wound  healing  [132]. 
Antagonism  of  sFRP-2  was  shown  to  enhance  the  pro-collagen 
C-proteinase  (pCP)  activity  (which  is  responsible  for  converting 
pro-collagen  precursors  to  various  ECM  components)  and  to  have  a 
beneficial  effect  on  cardiac  performance  compared  to  control  [135]. 
Recently,  the  group  of  He  et  al.  demonstrated  that  sFRP2  reduces 
collagen  deposition,  prevents  wall  thinning  and  improves  cardiac 
function  measurements  in  a  rat  MI  model  [136].  Furthermore, 
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work  on  stem  cells  has  suggested  a  beneficial  role  of  the  sFRPs,  with 
sFRP-2  substantially  suppressing  the  infarct  size  and  greatly  improv- 
ing cardiac  function  measurements  post-MI  [137]. 

5.3.2  Targeting  the  Fzd  As  mentioned  earlier,  the  presence  of  myofibroblasts  in  the  infarct 
Receptor  area  following  MI  has  been  shown  to  prevent  the  dilatation  of  the 

infarct  and  in  this  way  plays  a  major  role  in  the  preservation  of 
cardiac  function.  Previous  studies  undertaken  in  our  laboratory 
have  made  an  association  of  the  Fzd-2  receptor  with  the  actions  of 
myofibroblasts  after  MI  and  have  highlighted  its  importance  dur- 
ing the  healing  process  post-MI  [138].  A  study  by  Aisagbonhi 
et  al.  showed  that  the  majority  of  the  myofibroblasts  present  in  the 
infarcted  area  are  of  endothelial-mesenchymal  transition  (EMT) 
origin  and  that  this  transition  is  mediated  by  the  canonical  Wnt 
signaling,  playing  an  important  role  in  the  fibrosis  of  the  infarct. 
One  interesting  conclusion  of  this  study  was  that  the  p-catenin 
pathway  does  not  seem  to  play  a  major  role  in  the  early  stages  fol- 
lowing MI  but  functions  mostly  during  the  formation  of  the  gran- 
ulation tissue  [  1 39  ] .  In  an  in  vitro  study  by  our  group,  immortalized 
cardiac  fibroblast  cells  that  were  named  cardiac  fibroblasts  immor- 
talized with  telomerase  (CFIT)  were  utilized  and  manipulations  of 
the  Wnt/Fzd  pathway  were  undertaken.  It  was  proven  that  the 
Wnt/Fzd-signaling  pathway  has  an  inductive  effect  on  myofibro- 
blast migration  and  differentiation  but  not  on  myofibroblast  pro- 
liferation. The  Wnt/Fzd-signaling  effect  on  CFIT  migrations 
seemed  to  be  mediated  via  the  noncanonical  pathway,  while  the 
alternations  on  the  CFIT  differentiation  were  mostly  a  result  of  the 
canonical  ( p-catenin)  pathway.  When  various  combinations  of  Wnt 
ligands  (Wnt3a  or  Wnt5a)  and  Fzd  receptors  (rFzd-1  or  rFzd-2) 
were  used,  totally  opposite  effects  were  observed,  demonstrating 
the  high  complexity  of  the  Wnt/Fzd-signaling  pathway  [140]. 

In  another  study,  the  role  of  peptide  fragments  of  Wnt5a  in  the 
regulation  of  Wnt/Fzd  pathway  was  investigated.  Three  different 
peptides  (UM206,  UM207,  and  UM208)  acting  as  antagonists  of 
the  Fzd  receptor  were  developed.  As  UM206  had  the  highest  recep- 
tor affinity,  it  was  the  one  studied  in  more  depth.  It  was  found  that 
UM206  antagonized  the  effects  of  both  Wnt3a  and  Wnt5a  on  myo- 
fibroblasts. UM206  was  also  administered  in  vivo  in  a  murine  MI 
model.  When  UM206  was  given  immediately  after  the  MI  induction 
or  2  weeks  post-MI  for  a  total  of  5  weeks,  it  increased  myofibroblast 
numbers  in  the  infarct  area,  suppressed  collagen  secretion  and  the 
expansion  of  the  fibrosis  in  areas  remote  from  the  infarct.  In  addition, 
it  dramatically  improved  cardiac  function  measurements  (EF,  EDV) 
and  mortality  due  to  heart  failure  was  completely  prevented,  com- 
pared to  controls  (Fig.  4)  [141].  This  emerging  data  has  strength- 
ened the  hypothesis  that  myofibroblasts  can  be  targeted  via  blockade 
of  Wnt/Fzd  signaling,  in  the  hunt  for  a  new  therapeutic  strategy  to 
prevent  adverse  cardiac  remodeling  and  heart  failure  post-MI. 
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Wnt/Fzd-pathway  ■/  •  myofibroblast  numbers 

blockade  ■/  minimal  infarct  expansion 


**  well-healed  scar 

s  preserved  cardiac  function 

Fig.  4  The  involvement  of  Wnt/Fzd-signaling  pathway  during  cardiac  remodeling  (5  weeks  post-MI).  The  block- 
ade of  Fzd1/2-receptors  with  UM206  after  Ml  induction  increases  myofibroblast  numbers,  leads  to  a  well- 
healed  scar  and  reduced  infarct  expansion,  and  preserves  cardiac  function.  Treatment  with  saline  (control 
group)  permits  the  activation  of  the  Wnt/Fzd  pathway,  which  causes  reduced  myofibroblast  presence,  expan- 
sion of  infarct  area,  poor  healing  of  the  infarct  scar,  worsening  of  cardiac  function  markers,  and  HF.  Images  are 
taken  from  mouse  hearts,  5  weeks  post-MI.  Scale  bar  on  the  mouse  heart  (leftside)  section  equals  3  mm. 
Scale  bars  on  the  heart  section  images  (right  side)  equal  100  \im.  Abbreviations:  Ml  myocardial  infarction, 
Fzd1/2-receptors  frizzled! /2-receptors,  HF  heart  failure 


5.3.3   Targeting  Dvl  An  early  in  vivo  study  by  Chen  et  al.  showed  that  Dvl-1  mRNA  is 

present  at  the  border  zone  of  the  myocardium  on  day  1  post-MI. 
The  mRNA  levels  of  Dvl-1  in  rats  that  have  suffered  MI  are  induced 
on  day  4  post-MI  compared  to  sham  and  reach  a  peak  on  day  7. 
Dvl-1  mRNA  is  not  detected  in  the  non-infarcted  myocardium  or 
in  the  hearts  of  the  sham  group.  This  study  also  made  a  connection 
between  the  Wnt/Fzd/Dvl  system  activation  and  the  effect  that  it 
might  have  on  myofibroblast  migration  and  proliferation  [142]. 
Furthermore,  transgenic  mice  overexpressing  Dvl  showed  severe 
ventricular  hypertrophy  with  a  reduction  of  EF.  These  mice  died 
prematurely  (i.e.,  before  reaching  6  months  of  age).  Both  the 
canonical  and  noncanonical  signaling  pathways  seem  to  be  impli- 
cated in  these  effects  [143].  More  research  is  still  necessary  on  the 
Dvl-level,  to  ascertain  its  actual  beneficial  effects  as  a  target  for  the 
prevention  of  the  adverse  remodeling. 
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6  Conclusions 

In  this  review,  we  have  made  an  effort  to  give  an  overview  of  the 
main  characteristics  of  the  cardiac  myofibroblast,  the  factors  that 
affect  its  function  and  its  major  role  in  the  wound  healing  process 
following  MI,  the  remodeling  and  the  development  of  HF. 
Myofibroblasts  are  becoming  the  center  of  attention  with  regards 
to  cardiac  wound  healing.  They  are  the  cells  producing  and  depos- 
iting collagen  that  leads  not  only  to  the  formation  of  the  scar  in  the 
infarct  area  but  also  plays  a  role  in  the  fibrosis  of  the  non-infarcted 
area  and  the  adverse  remodeling  of  the  heart.  Hence,  the  myofibro- 
blast impact  on  the  development  of  LV  dysfunction  and  HF  seems 
to  be  established.  The  exact  underlying  factors  regulating  myofi- 
broblasts during  the  wound  healing  process  after  MI  however  are 
not  yet  fully  understood  and  more  research  is  needed  in  this  area. 

The  ultimate  goal  of  modern  cardiovascular  pharmacology  is 
to  devise  strategies  that  will  target  three  separate  areas  after  MI:  (1 ) 
inhibit  death  of  the  cardiomyocytes,  (2)  improve  myocardial 
wound  healing,  and  (3)  limit  the  adverse  cardiac  remodeling  [144]. 
Currently  available  drug  therapies  are  quite  efficacious  in  reducing 
mortality  and  morbidity;  however,  they  have  not  been  successful  in 
reducing  dilatation  or  reversing  the  adverse  remodeling  once 
begun.  They  may  also  cause  significant  side  effects,  which  lead  to 
noncompliant  patients  and  reduced  therapeutic  efficacy.  It  is  time 
for  new  pharmacological  treatments  to  be  discovered. 

Optimal  drug  therapy  would  lead  to  a  well-healed  compacted 
scar,  prevent  fibrosis  in  areas  that  lie  in  the  non-infarcted  areas,  and 
have  minor  side  effects.  Several  novel  and  promising  pharmaco- 
logical tools  are  under  development  in  order  to  target  the  myofi- 
broblast itself.  The  emerging  data  is  showing  that  the  Wnt/ 
Fzd-signaling  pathway  is  a  key  player  in  the  regulation  of  the  myo- 
fibroblast and  that  its  manipulation  could  prevent  adverse  cardiac 
remodeling  and  the  development  of  HF  post-MI.  Still,  the  clinical 
advantage  and  possible  side  effects  are  yet  to  be  addressed. 
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Vascular  Connexins  in  Restenosis  After  Balloon  Injury 

Sandrine  Morel  and  Brenda  R.  Kwak 

Abstract 

Atherosclerosis  is  an  arterial  progressive  disease  characterized  by  accumulation  of  lipids,  macrophages,  T 
lymphocytes,  and  smooth  muscle  cells  in  large-  and  medium-sized  arteries.  Erosion  and  rupture  of  the 
atherosclerotic  plaque  may  induce  myocardial  infarction  and  cerebrovascular  accidents  that  are  responsible 
for  a  large  percentage  of  sudden  death.  Atherosclerosis  is  often  treated  by  angioplasty  generally  followed 
by  stent  implantation.  Although  angioplasty  and  stent  implantation  are  necessary  for  the  survival  of  the 
patient,  they  induce  a  trauma  in  the  vessel  wall  that  favors  a  vascular  reaction  called  restenosis  and  the 
associated  de-endothelialization  increases  the  risk  of  thrombosis.  To  study  mechanisms  involved  in  reste- 
nosis and  thrombus  formation,  animal  models  have  been  developed.  In  this  chapter,  we  describe  the 
experimental  model  of  balloon  injury  adapted  for  mice  and  apply  it  to  study  the  role  of  Cx43  in  this  pro- 
cess. Connexins  are  members  of  a  large  family  of  transmembrane  proteins  that  allow  exchange  of  ions  and 
small  metabolites  between  cytosol  and  extracellular  space  or  between  neighboring  cells.  Connexins  are 
important  in  vascular  physiology,  they  support  radial  and  longitudinal  cell-to-cell  communication  in  the 
vascular  wall,  and  have  been  shown  to  modulate  vascular  pathologies  such  as  atherosclerosis  and  hyperten- 
sion. We  also  describe  the  various  connexin-specific  tools,  for  example,  transgenic  mice,  blocking  peptides, 
antisense,  and  siRNA,  and  their  value  in  obtaining  insight  into  the  role  of  Cx43  in  restenosis  and  thrombus 
formation  after  vascular  injury. 

Key  words  Connexins,  Cx43,  Atherosclerosis,  Myocardial  infarct,  Restenosis,  Thrombus 


1  Introduction 

Atherosclerosis,  an  inflammatory  disease  of  large-  and  medium- 
sized  arteries,  involves  the  formation  of  intimal  lesions  that  are 
characterized  by  a  dysfunctional  endothelium,  lipid  accumulation, 
inflammation,  cell  death,  and  fibrosis.  Approximately  75  %  of  acute 
coronary  events  and  60  %  of  recently  symptomatic  carotid  artery 
disease  are  caused  by  disruption  of  an  atherosclerotic  plaque  [1,2]. 
This  vascular  disease  is  often  treated  by  angioplasty  and  stenting, 
but  clinical  studies  have  shown  that  treatment  efficacy  may  be 
reduced  by  thrombus  formation  or  restenosis  at  the  site  of  the 
intervention.  Development  of  animal  models  to  study  cellular 
mechanisms  involved  in  these  deleterious  processes  is  of  high 
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interest  to  discover  implicated  proteins  that  might  represent  novel 
therapeutical  targets.  In  this  chapter,  we  describe  the  tools  devel- 
oped for  the  study  of  vascular  injury  in  mice  and  summarize  results 
showing  a  role  for  connexins  in  restenosis  after  injury. 

/./  Atherosclerotic  Normal  arterial  wall  is  composed  by  three  layers:  the  intima,  the 
Plaque  Development  media,  and  the  adventitia.  The  tunica  intima,  the  most  internal  layer 
and  Its  Consequences  of  the  wall,  corresponds  to  a  monolayer  of  endothelial  cells  (ECs) 
surrounded  by  minimal  connective  tissue  and  by  the  internal  elastic 
lamina.  The  tunica  media  is  composed  of  several  layers  of  smooth 
muscle  cells  (SMCs)  and  extracellular  matrix  (ECM)  surrounded  by 
the  external  elastic  lamina.  The  external  part  of  the  blood  vessel  wall 
is  the  tunica  adventitia  which  is  composed  of  connective  tissue, 
microvessels,  and  nerve  endings.  Development  of  atherosclerotic 
plaques  is  a  progressive  pathology  that  takes  place  in  the  intima  of 
large-  and  medium-sized  arteries.  The  initiating  step  of  this  disease 
is  an  endothelial  dysfunction  [3]  often  induced  by  cardiovascular 
risk  factors  such  as  hypercholesterolemia,  hyperglycemia,  hyperten- 
sion, free  radicals,  and  infectious  microorganisms.  This  activation  of 
ECs  leads  to  an  increase  in  the  expression  of  different  cell  adhesion 
molecules  and  to  the  secretion  of  chemoattractants  which  induce 
the  recruitment  of  monocytes,  T  lymphocytes,  and  platelets  [4,  5]. 
Monocytes  transmigrate  between  ECs  to  infiltrate  into  the  arterial 
intima  where  they  mature  into  macrophages.  These  intimal  macro- 
phages accumulate  lipids  and  transform  into  foam  cells  creating  the 
earliest  atherosclerotic  lesion  called  fatty  streak.  Later,  this  original 
atherosclerotic  lesion  might  become  covered  by  SMCs  that  migrate 
from  the  media  to  the  intima  attracted  by  cytokines,  chemoldnes, 
and  growth  factors.  In  the  intima,  SMCs  proliferate  and  secrete 
ECM  components  that  participate  in  the  formation  of  a  strong 
fibrous  cap.  In  the  center  of  the  atherosclerotic  plaque,  foam  cells 
die  and  release  lipids  that  form  the  necrotic  core  of  this  lesion.  A 
deleterious  consequence  of  atherosclerosis  might  be  luminal  throm- 
botic occlusion  due  to  the  superficial  erosion  of  the  endothelial 
monolayer  or  to  the  rupture  of  the  plaques'  fibrous  cap  [6,  7]. 
Plaque  erosion  leads  to  the  activation  of  platelets  and  in  conse- 
quence to  their  adhesion  into  the  endothelium.  The  rupture  of  the 
fibrous  cap  of  the  atherosclerotic  plaque  allows  contact  between  the 
blood  and  the  constituents  of  the  center  of  the  plaque.  As  a  conse- 
quence, platelets  and  leukocytes  will  become  activated  by  thrombo- 
genic  tissue  factor  produced  in  the  lesion  leading  to  thrombus 
formation  in  the  arterial  lumen  [8].  Plaque  erosion  and  plaque  rup- 
ture induce  myocardial  infarctions  and  cerebrovascular  accidents 
that  are  responsible  for  a  large  percentage  of  sudden  death  [9].  This 
clinical  complication  of  atherosclerosis  is  often  treated  by  angio- 
plasty consisting  of  balloon  dilation  of  the  occluded  vessel  nowa- 
days generally  followed  by  stent  implantation. 
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1.2  Angioplasty 
and  Restenosis 


Angioplasty  is  an  effective  way  to  reopen  arteries  blocked  by  a 
thrombus  onto  a  ruptured  or  eroded  atherosclerotic  plaque.  The 
procedure  consists  of  the  introduction  of  a  catheter  in  the  occluded 
artery.  Once  inserted,  a  balloon  positioned  at  the  tip  of  the  cathe- 
ter is  inflated  to  compress  the  plaque  and  reopen  the  artery.  This 
technique  is  now  often  associated  with  the  implantation  of  a  stent 
at  the  site  of  the  occlusion  to  keep  the  artery  open  and  to  improve 
patient  outcome  [10].  Although  angioplasty  and  stent  implanta- 
tion are  necessary  for  the  survival  of  the  patient,  they  induce  a 
trauma  in  the  vessel  wall  that  favors  a  vascular  reaction  called  reste- 
nosis. Moreover,  they  induce  de-endothelialization  with  increased 
risk  of  early  thrombosis  (shortly  after  the  intervention).  Restenosis 
may  be  described  as  the  re-occlusion  of  the  artery  at  the  site  of  the 
angioplasty  or  stent  implantation  due  to  tissue  growth  at  the  site  of 
the  intervention,  and  it  occurs  generally  within  6  months  after  the 
initial  procedure  [11].  This  exaggerated  response  to  injury  involves 
the  recruitment  and  infiltration  of  leukocytes  into  the  damaged  site 
and  a  surge  in  cytokines  and  growth  factors.  Moreover,  medial 
SMCs  undergo  a  phenotypic  modulation  from  a  contractile  to  a 
synthetic  phenotype,  proliferate,  and  migrate  towards  the  intima. 
Together,  these  events  induce  the  formation  of  the  neointima. 
Drug-eluting  stents  help  to  prevent  restenosis  by  inhibiting  neo- 
intimal  hyperplasia.  Unfortunately,  they  also  delay  re- 
endothelialization,  which  increases  the  period  of  time  during  which 
the  stent  remains  thrombogenic  leading  to  late  in-stent  thrombosis 
[12].  The  molecular  pathways  implicated  in  all  these  phenomena 
remain  poorly  understood.  Models  of  balloon  injury  have  been 
developed  in  animals,  and  more  interestingly  in  hypercholesterol- 
emic  mice  [13],  that  allowed  for  detailed  investigation  of  mole- 
cules involved  in  the  restenotic  process  such  as  connexins  [14]. 


1.3  Connexin 
Expression  and 
Functions  in  Healthy 
Vessels 


Connexins  (Cx)  are  a  family  of  transmembrane  proteins  that  form 
channels  to  allow  exchange  between  extracellular  space  and  cyto- 
plasm (hemichannels,  also  called  connexons)  or  between  two 
neighboring  cells  (gap  junction  channels)  (for  review  see  ref.  15). 
Hemichannels  and  gap  junction  channels  allow  the  passage  of  ions 
and  small  molecules  (up  to  -1,000  Da).  Under  normal  conditions, 
connexons  are  in  a  closed  configuration  and  their  opening  is 
induced  by  different  stimuli  such  as  removal  of  extracellular  cal- 
cium, hypoxic  or  ischemic  stress,  mechanical  stimulation,  and 
dephosphorylation  [16,  17].  This  way,  connexons  are  involved  in 
the  regulation  of  cell  volume,  in  paracrine  or  autocrine  signalling, 
and  in  activation  of  survival  pathways  [18].  Gap  junction  channels 
are  crucial  for  fast  coordinated  activities  such  as  conduction  of  the 
action  potential  in  the  heart  or  transmission  of  neuronal  signals  at 
electrical  synapses,  but  are  also  involved  in  the  regulation  of  slower 
physiological  processes  such  as  cell  growth  and  development. 
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Four  connexins  are  expressed  in  the  healthy  vascular  wall: 
Cx37,  Cx40,  Cx43,  and  Cx45.  Their  expression  is  not  uniform  in 
all  blood  vessels  and  varies  with  vascular  territory  and  species. 
Usually,  Cx37  and  Cx40  are  co-expressed  in  ECs,  whereas  Cx43 
and  Cx45  are  present  in  SMCs  (for  review  seercf.  19).  Nevertheless, 
Cx37  and  Cx40  are  also  found  in  SMCs  of  small  elastic  or  resis- 
tance arteries  or  during  development  [20,  21],  and  Cx43  is 
expressed  in  ECs  at  branch  points  of  arteries  [22].  The  vascular 
tone  is  under  the  control  of  paracrine  molecules  such  as  nitric  oxide 
and  prostaglandins  [23,  24];  however,  gap  junctional  intercellular 
communication  (GJIC)  plays  also  an  important  role  in  the  control 
of  vascular  function  [25,  26].  Homomeric  (one  connexin  isoform) 
and  heteromeric  (multiple  connexin  isoforms)  channels  and  homo- 
cellular  and  heterocellular  gap  junctions  are  found  in  the  vascular 
wall  between  ECs,  between  SMCs,  and  in  some  cases  between  ECs 
and  SMCs  (myoendothelial  junctions)  allowing  for  the  passage  of 
transverse  and  longitudinal  signals  in  the  vessel  wall  [19,  27,  28]. 
This  way,  connexins  provide,  for  example,  the  molecular  basis  for 
ascending  dilations  (i.e.,  conducted  dilations)  in  arterioles  that  are 
required  for  substantial  increases  in  blood  flow  during  exercise 
[29,  30].  Thus,  connexins  have  a  central  role  in  vascular  physiol- 
ogy but  also  in  vascular  pathology  such  as  hypertension,  athero- 
sclerosis, or  restenosis. 

1.4    Connexins  As  described  above,  atherosclerotic  plaque  rupture/erosion  and 

in  Restenosis  associated  thrombus  formation  may  lead  to  the  occlusion  of  an 

artery.  To  allow  the  survival  of  the  patient,  angioplasty  is  performed 
to  reopen  the  artery,  but  this  surgical  procedure  induces  a  trauma 
that  may  favor,  at  long  term,  the  re-occlusion  of  the  artery. 
Proliferation  and  migration  are  two  cellular  processes  highly  impli- 
cated in  restenosis.  Several  proteins,  including  connexins,  have 
been  described  to  regulate  these  processes. 

In  1997,  Yeh  and  colleagues  have  first  described  a  possible 
involvement  of  connexins  in  restenosis  after  balloon  catheter  injury 
in  rat  carotid  artery  [31].  They  have  carefully  followed  Cx43 
expression  in  the  media  and  neointima  during  14  days  after  bal- 
looning, and  they  showed  an  up-regulation  of  Cx43  between 
medial  and  intimal  SMCs  with  a  higher  expression  in  neointima. 
Moreover,  the  size  of  the  gap  junction  was  larger  between  SMCs  in 
the  intima  than  between  SMCs  of  the  media.  Restenosis  in  rat 
carotid  artery  is  mainly  due  to  migration  and  proliferation  of  SMCs 
and  to  a  lesser  extend  to  leukocyte  infiltration  [31].  In  a  more 
inflammatory  animal  model  of  restenosis,  i.e.,  the  rabbit  aorto-iliac 
bifurcation,  Polacek  and  colleagues  demonstrated  that  the  expres- 
sion of  Cx43  after  balloon  injury  is  equivalent  between  intimal  and 
medial  SMCs  [32].  Hypercholesterolemic  diet  given  to  these  ani- 
mals, submitted  to  mechanical  injury  or  not,  induced  Cx43  up- 
regulation  in  macrophages,  while  Cx43  in  medial  SMCs  was 
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down-regulated.  In  addition,  balloon  injury  increased  Cx40 
mRNA  and  protein  expression  in  neointimal  SMCs  in  this  model 
[33].  Interestingly,  experiments  in  the  presence  of  3 -hydroxy- 3- 
methylglutaryl-coenzyme  A  (HMG-CoA)  reductase  inhibitors 
(statins),  which  have  anti-inflammatory  and  anti-proliferative  prop- 
erties, induced  a  reduction  of  neointimal  formation  and  reduction 
of  Cx43  and  Cx40  expression  after  balloon  injury  in  rabbit  iliac 
artery  [33].  To  investigate  the  role  of  Cx43  in  neointima  forma- 
tion, we  have  performed  carotid  balloon  distension  injury  in  hyper- 
cholesterolemic  Cx43+/+LDLR"/-  and  in  Cx43+/"LDLR-/-  mice 
[14].  We  have  shown  that  reduction  of  Cx43  expression  is  associ- 
ated with  the  limitation  of  neointima  formation,  and  in  vitro  and 
in  vivo  experiments  suggested  that  this  reduction  is  due  to  a 
decrease  of  SMC  migration  and  proliferation.  In  contrast  with  the 
rat  carotid  model,  macrophages  appear  to  have  an  additional 
important  role  in  neointima  formation  in  the  mouse  hypercholes- 
terolemic  model.  Indeed,  macrophage  infiltration  is  lower  in  the 
carotid  intima  of  Cx43+/"LDLR-/-  mice  than  in  Cx43+/+LDLR"/- 
mice  submitted  to  balloon  injury,  and  in  vitro  experiments  showed 
that  macrophages  from  Cx43+/~LDLR_/~  mice  have  reduced 
migration  capacity  compared  with  macrophages  of  Cx43+/+LDLR_/~ 
mice.  Interestingly,  in  vitro  experiments  also  showed  that  migra- 
tion of  SMCs  is  higher  in  the  presence  of  conditioned  medium 
obtained  from  Cx43+/+LDLR-/-  than  Cx43+/"LDLR-/-  macro- 
phages. This  data  suggest  that  macrophages  from  Cx43+/~LDLR_/~ 
mice  secrete  fewer  chemoattractant  factors  than  control 
macrophages  resulting  in  vivo  in  the  reduction  of  SMCs  migration 
towards  the  injury  site  after  balloon  distention.  To  study  the  spe- 
cific role  of  Cx43  in  SMCs,  Liao  and  colleagues  have  generated 
mice  in  which  the  deletion  of  Cx43  gene  is  confined  to  SMCs,  and 
they  have  performed  carotid  artery  denudation  using  a  guide  wire 
[34].  Seven  days  after  surgery,  the  neointima  in  these  mice  is  larger 
than  die  neointima  in  control  mice,  and  is  formed  mostly  by  SMCs 
and  only  occasionally  by  ECs  or  leukocytes.  The  differences 
between  these  and  our  results  have  not  yet  been  explained,  but  are 
likely  induced  by  the  difference  in  mouse  models  used  (deletion  of 
Cx43  in  SMCs  vs.  half  of  Cx43  in  all  cells),  but  might  also  derive 
from  different  methodology  (balloon  injury  with  hypercholester- 
olemia vs.  wire  injury). 

Two  types  of  SMCs  have  been  described  in  porcine  coronary 
arteries:  spindle-shaped  SMCs  (S-SMCs)  which  present  the  classical 
"hills-and-valleys"  growth  pattern  and  that  are  differentiated  cells 
and  rhomboid  SMCs  (R-SMCs)  that  have  high  proliferative,  migra- 
tory, and  proteolytic  activities  [35].  Similar  SMC  populations  have 
been  described  in  the  rat  aorta  [36].  Interestingly,  R-SMCs  are 
present  in  higher  concentration  than  S-SMCs  in  the  intimal  thick- 
ening induced  by  stent  implantation  in  porcine  coronary  arteries 
suggesting  their  role  in  restenosis  [35].  In  vitro,  it  has  been  shown 
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Rhomboid  SMCs 


Fig.  1  Expression  of  Cx43  and  Cx40  in  Spindle-Shape  and  Rhomboid  SMCs.  (a)  Phase-contrast  microphotographs 
showing  morphological  features  of  Spindle-Shape-  and  Rhomboid-SMCs  isolated  from  the  normal  media  of 
porcine  coronary  artery,  (b)  Immunofluorescence  staining  (in  green)  for  Cx43.  (c)  Immunofluorescence  staining 
(in  green)  for  Cx40.  Cells  were  counterstained  with  Evans  blue  (in  red).  Scale  bars:  1 20  |im  (top  images); 
75  |im  {middle  and  bottom  images) 


that  S-SMCs  expressed  Cx43  and  Cx40,  whereas  R-SMCs  expressed 
only  Cx43  [37]  (Fig.  1).  In  vivo,  Cx43  expression  is  strongly  up- 
regulated  in  the  intimal  thickening  after  stent  implantation,  whereas 
Cx40  is  absent,  which  is  in  accordance  with  the  increased  presence 
of  R-SMCs  [37].  It  appeared  that  Cx43  expression  and  channel 
function  are  regulating  the  migration  process  of  R-SMCs.  Indeed, 
PDGF-BB-induced  migration  of  R-SMCs  is  highly  reduced  in  the 
presence  of  Cx43  antisense  or  Cx43  blocking  peptide  [37]. 
Furthermore,    Cx43    antisense    prevented  PDGF-BB-induced 
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deleterious  phenotypic  changes  of  porcine  S-SMCs  to  R-SMCs 
[37].  Interestingly,  down-regulation  of  Cx43  expression  in  rat  aortic 
SMCs  inhibited  also  their  proliferation  [38]. 

The  roles  of  connexins  in  migration  and  proliferation  of  vascular 
cells  and  for  vascular  repair  not  yet  clearly  understood.  Studies  on 
different  cell  types  towards  the  role  of  connexins  as  modulator  of 
migration  or  proliferation  suggest  that  connexins  play  a  role  in 
these  processes  by  both  channel-dependent  ( he  mi  channel  or  gap 
junction  channel)  or  channel-independent  effects  on  interactions 
with  cytoskeletal  proteins,  junctional  proteins,  or  enzymes  (for 
reviews  see  ref.  39,  40).  Moreover,  restenosis  after  vascular  surgery 
could  also  be  influenced  by  the  formation  of  a  thrombus  at  the  site 
of  the  injury.  It  has  recently  been  described  that  Cx37  is  expressed 
in  platelets  and  is  able  to  form  gap  junction  channels  between 
platelets  that  influence  platelet  activity  and  aggregation  [41].  In 
vivo  experiments  confirmed  that  Cx37  plays  a  restraining  role  on 
thrombus  propensity  [41].  One  can  easily  imagine  that  increased 
platelet  activation  at  the  site  of  injury  results  in  increase  PDGF-BB 
secretion,  which  has  then  additional  effects  on  SMCs. 

All  of  the  data  described  above  suggest  that  connexins,  and 
more  specifically  Cx43,  are  implicated  in  restenosis  after  vascular 
injury.  Moreover,  the  experiments  show  the  potential  for  targeting 
Cx43  in  reduction  of  restenosis.  Finally,  the  potential  for  genetic 
manipulation  in  mice  has  made  this  species  particularly  attractive  to 
identify  the  key  molecules  involved  in  restenosis. 


2  Materials 


2.1  Transgenic 
Mice  for  the  Study 
of  Atherosclerosis 


In  vivo  studies  towards  atherosclerosis  are  currently  performed  by 
the  use  of  two  well-characterized  mouse  models:  the  apolipopro- 
tein  E  (ApoE_/~)  knockout  mice  and  the  low-density  lipoprotein- 
receptor  knockout  mice  (LDLR"/_).  ApoE_/~  mice  present  high 
plasma  cholesterol  concentration  (400-500  mg/dL)  and  develop 
spontaneously  foam  cell-rich  depositions  throughout  the  arterial 
tree  [42].  LDLR_/~  mice  have  a  lower  increase  of  plasma  choles- 
terol level  (175-225  mg/dL)  and  they  develop  only  minimal  ath- 
erosclerotic lesions  in  aortic  roots  when  fed  a  normal  chow  diet 
[43].  Upon  feeding  these  mouse  models  with  a  high-cholesterol 
diet,  they  both  rapidly  develop  advanced  lesions  throughout  the 
vascular  tree  and  they  present  systemic  inflammation.  Like  in 
human,  atherosclerosis  in  mice  develops  in  regions  of  the  vascula- 
ture subjected  to  low  or  oscillatory  wall  shear  stress  [44]. 
Predilection  sites  in  the  mouse  are  the  aortic  root,  the  lesser  curva- 
ture of  the  aortic  arch  and  branch  points  of  the  brachiocephalic, 
left  carotid,  and  subclavian  arteries.  Of  note,  retrovalvular  lesions 
in  the  aortic  root  either  stop  abruptly  at  the  orifice  of  the  common 
coronary  artery  or  extend  a  short  distance  into  the  arterial  trunks 
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but,  in  contrast  to  the  human  coronary  arteries,  the  first  segment 
and  the  first  branch  of  all  major  coronary  arteries  are  usually  pro- 
tected from  the  disease  [45].  LDLR_/~  or  ApoE_/~  mice  can  be 
interbred  with  other  knockout  mice  to  study  the  effects  of  those 
specific  molecules. 

2.2  Transgenic  Mice  Twenty  connexins  have  been  identified  in  mice,  and  many  trans- 
fer the  Study  Of  genie  mice  in  which  a  connexin  is  deleted  or  modified  have  been 
Connexin  Functions  created  [46].  An  important  problem  with  mice  knockout  for  vas- 
cular connexins  is  that  these  deletions  are  often  lethal.  For  exam- 
ple, Cx43_/"  and  Cx45_/~  die  in  utero  or  shortly  after  birth. 
Cx40-//"  mice  are  viable  but  sometimes  develop  arrhythmias  [47, 
48]  and  they  are  hypertensive  [49].  Cx37_/"  mice  are  viable  and 
their  heart  function  is  normal,  but  they  recently  appeared  to  have 
altered  vasculogenesis,  arteriogenesis,  and  angiogenesis  [50,  51]. 
Moreover,  females  are  infertile  [50].  Connexin  gene  deletion  in 
mice  is  frequently  used  to  study  disease  processes;  however,  the 
absence  of  one  connexin  may  lead  to  a  decreased  or  increased 
expression  of  another  connexin.  In  the  context  of  myocardial  dis- 
ease, several  transgenic  mice,  in  which  Cx43  expression  or  function 
was  modified,  have  been  used.  At  first,  heterozygous  Cx43  mice, 
which  express  50  %  of  the  normal  Cx43  level,  have  been  exten- 
sively used  to  study,  for  example,  the  effects  of  myocardial  infarc- 
tion and  development  of  atherosclerosis  [52,  53].  During  the  last 
years,  it  has  become  increasingly  evident  that  the  C-terminal  (CT) 
part  of  the  Cx43  is  crucial  for  Cx43  channel  function.  Consequently, 
new  transgenic  mice  have  been  generated  in  which  the  total  expres- 
sion of  Cx43  is  not  changed  but  its  function  was  altered.  Maass 
and  colleagues  generated  transgenic  mice  in  which  they  deleted  the 
C-terminal  125  amino  acid  residues  of  Cx43  (mice  designated  as 
Cx43K258stop  mice)  [54].  Unfortunately,  these  mice  die  shortly 
after  birth  due  to  a  defective  epidermal  barrier.  To  counterbalance 
that,  they  have  bred  transgenic  mice  harboring  one  Cx43K258stop 
and  one  Cx43knockout  allele.  These  mice  do  not  suffer  from  a 
defective  epidermal  barrier  and  50  %  of  them  survive  to  adulthood 
[54].  They  have  shown  that  this  deletion  increased  infarct  size  and 
the  development  of  ventricular  tachyarrhythmias  after  acute  myo- 
cardial infarction  [55].  In  these  mice  with  truncated  CT  domain 
the  number,  the  size,  and  the  localization  of  cardiac  gap  junction 
plaques  was  altered  [56].  Otherwise,  the  phosphorylation  status  of 
the  CT  domain  of  Cx43  has  been  extensively  described  to  affect 
the  expression,  trafficking,  assembly,  degradation,  open  probabil- 
ity, and  single  channel  conductance  of  Cx43  gap  junction  channels 
in  in  vitro  studies  (for  review  see  ref.  57).  In  this  context,  two  new 
strains  of  genetically  knock-in  mice  have  been  recently  generated 
and  characterized:  the  S3E  mice  in  which  the  serines  325/328/330 
were  replaced  with  phosphomimetic  glutamic  acids,  and  the  S3A 
mice  in  which  the  serines  325/328/330  were  replaced  by 
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nonphosphorylatable  alanines  [58].  The  authors  show  that  the 
S3E  mice  were  resistant  to  acute  and  chronic  pathological  gap 
junction  remodeling  and  present  a  lower  susceptibility  to  ventricu- 
lar arrhythmias.  In  contrast,  the  S3  A  mice  present  deleterious  car- 
diac gap  junction  formation  and  function,  electric  remodeling  and 
higher  susceptibility  to  arrhythmias. 

In  the  context  of  vascular  injury  it  appeared  important  to 
develop  models  in  which  connexin  expression  is  modified  specifi- 
cally in  one  cell  type  (ECs,  SMCs,  or  inflammatory  cells)  to  cir- 
cumvent deleterious  effects  of  ubiquitous  Cx43  deletion  cq. 
alteration  or  of  hypertension  associated  with  ubiquitous  Cx40 
deletion.  For  example,  the  Cre-loxP  system  under  the  control  of 
the  Tie2  promoter  has  been  used  to  create  mice  in  which  Cx40  or 
Cx43  have  been  deleted  from  the  endothelium  only  [59-61]. 
Moreover,  by  using  the  same  type  of  Cre-loxP  system,  mice  in 
which  Cx43  is  deleted  in  SMCs  only  (smooth  muscle  myosin  heavy 
chain  promoter)  have  been  generated  [34,  61].  Finally,  bone  mar- 
row transplantation  has  been  performed  and  the  role  of  Cx43  in 
the  immune  system  of  adult  mice  has  been  described  in  these 
Cx43-/-,  Cx43+/",  and  Cx43+/+  chimeras  [62]. 

As  mice  are  the  best  known  species  for  genetic  manipulation, 
adaptation  of  the  model  of  balloon  injury  for  mice  appeared  to  be 
of  high  interest  to  identify  the  key  molecules  involved  in  restenosis 
[13,  14,  63]. 

2.3  Balloon  Catheter  The  balloon  catheter  (Jomed,  Beringen,  Switzerland)  is  manufac- 
tured with  a  balloon  length  of  around  5  mm  and  a  diameter  rang- 
ing from  0.63  mm  at  4  bars  to  0.83  mm  at  16  bars.  The  balloon 
size  is  matched  to  the  weight  of  the  mice.  The  balloon  is  expanded 
using  a  water-filled  inflation  device  with  digital  display  and  stiff- 
ened by  a  guidewire  with  a  diameter  of  0.15  mm. 

Different  compounds  such  as  heptanol,  octanol,  18p-glycyrrhetinic 
acid,  carbonoxolone,  or  oleamide  are  known  to  inhibit  GJIC,  but 
their  actions  are  nonspecific  [64-66].  In  an  attempt  to  be  more 
specific  for  gap  junction  channels  (vs.  other  membrane  channels) 
and  to  be  even  more  specific  within  the  connexin  family  of  proteins, 
various  types  of  blocking  peptides  have  been  generated  [67-69]. 
The  nowadays  most  used  blocking  peptides  for  cardiovascular  con- 
nexins, Gap26  and  Gap27,  correspond,  respectively,  to  the  sequence 
of  the  first  and  the  second  extracellular  loop  of  various  connexins. 
These  blocking  peptides  have  been  used  in  studies  towards  gap 
junctional  communication  between  ECs  and  SMCs  and  between 
ECs  and  macrophages  [70-72].  They  have  a  rapid  and  reversible 
mode  of  action,  and  they  are  nontoxic  for  the  cells  (for  review  see 
ref.  73).  All  derivates  of  these  blocking  peptides  are  more-or-less 
specific  for  Cx37,  Cx40,  and  Cx43  (43Gap26,  37-40Gap26,  40Gap27, 
37,43Gap27).  They  act  on  rodent  and  human  cells,  thus  reflecting  the 
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high  degree  of  amino  acid  conservation  in  the  extracellular  loops. 
In  an  atherosclerosis  study,  we  have  used  these  blocking  peptides  to 
prove  the  implication  of  Cx37  hemichannels  in  the  adhesive  prop- 
erty of  macrophages  [74].  In  another  study  onto  the  phenotypic 
modulation  of  SMCs,  we  have  shown  that  rhomboid  SMCs  express 
higher  levels  of  Cx43  than  spindle-shaped  SMCS  and  that  a  Cx43 
blocking  peptide  reduced  PDGF-BB-induced  migration  of  rhom- 
boid SMCs  [37].  Furthermore,  reducing  conductivity  of  Cx43 
channels  with  43Gap26  decreased  the  adhesion  of  neutrophils  to 
ECs  in  vitro  and  reduced  neutrophil  recruitment  in  a  mouse  model 
of  acute  lung  inflammation  in  vivo  [75]. 

Another  type  of  blocking  peptide  has  been  developed,  it  cor- 
responds to  a  25-amino  acid  peptide  comprised  of  a  cell- 
permeabilization  sequence  linked  to  the  last  nine  amino  acids  of 
the  C-terminal  part  of  the  Cx43  and  is  called  ocCTl  [76].  This 
peptide  binds  to  the  Postsynaptic  density/Disks-large/ZO-1 
(PDZ2)  domain  of  Zonula  occludens  (ZO)-l.  This  peptide  favors 
healing  rate  after  skin  excisional  wounds  and  the  generation  of 
more  normal-looking  histology  skin  in  comparison  with  control 
[77].  This  improvement  of  wound  healing  is  associated  with  the 
reduction  of  the  area  of  granulation  tissue,  the  better  regeneration 
of  cutaneous  structure  and  function,  the  inhibition  of  neutrophil 
infiltration,  and  the  increased  of  gap  junction  size  [78].  In  a  model 
of  cryo-injury  of  the  left  ventricle  of  mouse  heart,  it  has  been 
shown  that  the  ocCTl  peptide  limits  the  development  of  arrhyth- 
mias in  response  to  programmed  stimulation  and  increases  con- 
duction velocities  [79].  These  effects  are  associated  with  the 
stabilization  of  the  Cx43  in  intercalated  disks  in  the  injury  border 
zone  and  with  the  increase  of  the  phosphorylation  of  Cx43  on 
Ser368. 

2.5    Connexin  The  function  of  connexins  in  cells  or  tissues  has  also  been  investi- 

Antisense  or  siRNA  gated  using  siRNA  or  antisense  oligonucleotides.  In  experiments 

towards  skin  repair,  a  Cx43  antisense  has  been  prepared  in  a  30  % 
Pluronic  F-127  gel  and  used  in  combination  with  various  types  of 
skin  lesion  (incision  or  thermal  injury).  A  single  topical  application 
of  Cx43  antisense  gel  onto  the  skin  lesion  induced  a  transient  Cx43 
knockdown  at  the  wound  site.  This  reduction  of  expression  of 
Cx43  is  associated  with  an  increase  in  the  rate  of  wound  closure 
and  a  reduction  of  inflammation  [80,  81].  Indeed,  decreasing 
Cx43  expression  improves  migration  and  proliferation  of  fibro- 
blasts [82].  With  respect  to  the  inflammatory  response,  it  has  been 
shown  that  the  peak  of  neutrophil  infiltration  2  days  after  the  injury 
is  significantly  reduced  by  the  application  of  Cx43  antisense  and 
that  the  number  of  macrophages  7  days  after  the  injury  is  also  sig- 
nificantly reduced  [82].  At  long  term,  the  use  of  Cx43  antisense 
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reduced  the  extent  of  granulation  tissue  deposition  and  favors  a 
smaller  and  less  distorted  scar  [80,  81].  This  acceleration  of  skin 
wound  healing  was  also  associated  with  increased  early  angiogen- 
esis  in  animals  treated  with  Cx43  antisense  [82].  This  antisense  has 
also  been  tested  in  models  of  spinal  cord  injury  and  authors  have 
shown  that  it  reduces  inflammation  and  improves  functional  recov- 
ery [83].  In  the  context  of  vascular  injury,  we  have  tested  Cx43 
antisense  on  SMCs  differentiation  and  migration,  two  processes 
implicated  in  restenosis  after  ballooning  injury  [37].  We  have 
shown  that  Cx43  antisense  reduced  Cx43  expression  and  channel 
function  in  rhomboid  SMCs,  which  is  associated  with  the  reduc- 
tion of  PDGF-BB-induced  migration  of  rhomboid  SMCs. 
Moreover,  the  PDGF-BB-induced  change  of  spindle-shaped  SMCs 
towards  a  rhomboid  phenotype  was  prevented  by  Cx43  antisense 
[37].  More  recently,  it  has  been  shown  that  shock  wave  therapy 
attenuates  inflammatory  responses  and  proliferation  of  neointima 
and  SMCs  following  denudation  by  balloon  catheter,  and  that 
these  effects  are  associated  with  limitation  of  Cx43  expression 
[84].  Only  few  in  vivo  studies  have  described  a  protective  effect  of 
connexin  knockdown  by  siRNA.  For  example,  in  a  model  of  cor- 
neal wound  healing,  knockdown  of  Cx43  by  a  single  injection  of 
siRNA,  improves  wound  closure  by  promoting  endothelial  prolif- 
eration [85]. 


3  Methods 


3.1  Balloon  Injury 
Model  in  Mice 


The  model  of  carotid  balloon  distension  injury  in  hypercholester- 
olemic  mice  has  been  firstly  published  by  Matter  and  colleagues 
[13],  and  we  have  then  used  it  to  study  the  implication  of  Cx43  in 
neointima  formation  [14]. 


3.1.1  Protocol  for  Carotid 
Balloon  Distension  Injury 


1.  To  induce  vascular  inflammation,  ApoE~/~  or  LDLR_/~  mice 
are  feed  a  cholesterol-rich  diet  during  several  days  or  weeks 
before  balloon  injury  depending  on  the  level  of  inflammation 
required.  Moreover,  mice  receive  aspirin  (16  mg/kg/day) 
during  7  days  before  the  surgery. 

2.  Mice  are  anesthetized  by  intraperitoneal  injection  of  Ketamine 
(75-95  mg/kg)  and  Xylazine  (4-8  mg/kg). 

3.  The  hair  is  removed  from  the  neck  region  and  the  left  anterior 
cervical  triangle  will  be  accessed  by  a  sagittal  anterior  neck 
incision. 

4.  The  muscles  around  the  carotid  artery  are  drawn  aside  to  dis- 
tinguish the  Left  Common  Carotid  Artery  (LCCA),  the  Left 
Internal  Carotid  Artery  (LICA),  and  the  Left  External  Carotid 
Artery  (LECA)  (Fig.  2a). 
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LECA 


Opening  for  the 
introduction  of 
the  balloon 


LCCA 


Fig.  2  Carotid  balloon  distension  injury  in  mice,  (a)  Schematic  representation  of  the  left  carotid  artery  bifurcation  and 
of  the  site  for  balloon  distension;  LECA  left  external  carotid  artery,  LICA  left  internal  carotid  artery,  LCCA  left  common 
carotid  artery,  (b)  Schematic  representation  of  the  left  proximal  part  of  the  LCCA  after  balloon  distension 


5.  To  perform  balloon  distension  injury  in  mice,  the  LECA  is 
ligated  distally  and  clamps  are  placed  on  the  LICA  and  mid- 
LCCA  (Fig.  2a).  The  balloon  catheter  is  introduced  through 
an  arteriotomy  on  the  proximal  LECA,  and  after  removing  the 
clamp  on  the  common  artery,  the  catheter  is  advanced  to  the 
proximal  non-dissected  common  carotid  artery  (Fig.  2a).  The 
balloon  is  distended  for  40  s  with  a  pressure  adapted  to  the 
weight  of  the  animals. 

6.  After  balloon  distension  (Fig.  2b),  the  catheter  is  withdrawn, 
the  proximal  LECA  is  ligated  and  the  clamp  on  the  LICA  is 
removed  to  restore  blood  flow  through  the  LCCA  and  the 
LICA. 

7.  Lidocaine  (2  %)  is  applied  onto  operation  field  and  the  wound 
is  closed.  Aspirin  treatment  is  continued  until  the  end  of  the 
experiment  to  prevent  acute  vessel  closure. 

8 .  Analysis  of  initial  apoptosis  may  be  done  after  24  h,  of  inflam- 
matory infiltration  after  4-7  days  after  balloon  injury  and  anal- 
ysis of  restenosis  and  re-endothelialization  after  14  days. 


3.1.2  Protocol  for 
Histochemical  Analysis 
of  Restenosis  and 
Re-endothelialization 


At  the  desired  time  point,  mice  are  anesthetized  and  the  thorax 
is  opened  to  have  access  to  the  heart  to  allow  the  perfusion  of 
the  mouse  with  NaCl  0.9  %  at  a  pressure  of  100  mmHg. 

Once  all  blood  is  eliminated  from  the  vessels,  the  mouse  is  per- 
fused with  4  %  paraformaldehyde  for  8  min.  The  right  common 
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Fig.  3  Reduced  neointima  formation  in  LDLR-/"Cx43+/"  mice,  (a)  Pictures  of  right  common  carotid  artery  (RCCA) 
and  left  common  carotid  artery  (LCCA)  of  LDLR_/-Cx43+/+  and  LDLR-'-Cx43+/"  mice  14  days  after  balloon  injury, 
(b)  Cross  sections  of  carotid  arteries  1 4  days  after  balloon  distension  injury  were  stained  with  DAPI  to  visualize 
medial  and  neointimal  nuclei  (blue).  Elastic  laminas  were  counterstained  with  Evans  Blue  (red).  Magnification 
100x  (L  indicates  lumen;  M,  media;  N,  neointima;  IEL,  inner  elastic  lamina;  and  EEL,  external  elastic  lamina) 


carotid  artery  (RCCA,  untouched  artery,  internal  control)  and 
the  injured  LCCA  are  excised  and  the  adventicia  carefully 
removed  (Fig.  3a). 

3.  The  blood  vessels  are  postfixed  for  an  additional  2  h  in  4  % 
paraformaldehyde  and  then  immersed  overnight  in  30  % 
Sucrose. 

4.  Thereafter,  the  LCCA  is  cut  into  two  parts  at  the  level  of  the 
balloon  distension  and  embedded  in  OCT  compound  and 
snap-frozen. 

5.  Tissues  are  stored  at  -80  °C.  Serial  cryosections  (5  (im)  are 
obtained  from  the  middle  portion  of  the  injured  LCCA  and 
from  the  untouched  RCCA. 

6.  Nuclei  and  elastic  lamina  are  stained  with  4'-6'-diamidino-2- 
phenylindole  (DAPI)  and  Evans  blue  (0.3  %),  respectively,  to 
quantify  lumen  area  and  total  number  of  intimal  and  medial 
cells  (Fig.  3b). 
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7.  Immunostaining  may  be  performed  on  these  cryosections  to 
visualize  SMCs,  ECs,  and  inflammatory  cells  with  antibodies 
against  smooth  muscle  actin,  von  Willebrand  factor,  and 
CD68,  for  example,  as,  well  as  with  antibodies  against  the  pro- 
teins of  interest  such  as  connexins  [14]. 


4  Notes 

This  chapter  provides  an  overview  of  the  role  of  connexins  in  reste- 
nosis after  vascular  injury.  The  development  of  tools  to  study  reste- 
nosis in  mice  has  allowed  us  to  better  understand  the  mechanisms 
implicated  in  this  devastating  process.  Until  now,  our  attention  has 
been  mostly  focused  on  proliferation  and  migration  of  SMCs,  but 
re-endothelialization  of  the  injured  vessels  is  also  of  high  interest 
to  limit  re-occlusion  of  the  artery  by  thrombosis  and  definitely 
needs  to  be  better  studied.  The  better  understanding  of  the  role  of 
connexins  in  restenosis,  re-endothelialization,  and  thrombus  pro- 
pensity will  hopefully  lead  to  the  development  of  new  therapeutic 
strategies. 
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Gain-of-Function  Assays  in  the  Axolotl  (Ambystoma 
mexicanum)  to  Identify  Signaling  Pathways  That 
Induce  and  Regulate  Limb  Regeneration 

Jangwoo  Lee,  Cristian  Aguilar,  and  David  Gardiner 
Abstract 

The  adult  salamander  has  been  studied  as  a  model  for  regeneration  of  complex  tissues  for  many  decades. 
Only  recently  with  the  development  of  gain-of-function  assays  for  regeneration,  has  it  been  possible  to 
screen  for  and  assay  the  function  of  the  multitude  of  signaling  factors  that  have  been  identified  in  studies 
of  embryonic  development  and  tumorigenesis.  Given  the  conservation  of  function  of  these  regulatory 
pathways  controlling  growth  and  pattern  formation,  it  is  now  possible  to  use  the  functional  assays  in  the 
salamander  to  test  the  ability  of  endogenous  as  well  as  small-molecule  signaling  factors  to  induce  a  regen- 
erative response. 

Key  words  Axolotl,  Urodele,  Regeneration,  Fibroblasts,  Accessory  Limb  Model,  Excisional 
Regeneration  Model 


1  Introduction 

Although  regenerative  abilities  are  widespread  and  essential  to  the 
maintenance  of  tissue  homeostasis,  they  are  largely  limited  to  indi- 
vidual cell  types  within  complex  tissues.  Many  of  the  cell  types 
within  the  human  arm  can  regenerate  (e.g.,  muscle,  nerves,  bone, 
and  blood  vessels);  however,  the  limb  itself  cannot  regenerate 
when  amputated.  In  contrast,  the  urodele  amphibians  (salaman- 
ders and  newts)  have  the  remarkable  ability  to  regenerate  complex 
tissues,  and  thus  have  historically  been  the  model  organisms  of 
choice  for  regeneration  studies. 

In  spite  of  many  decades  of  effort  studying  regeneration  in 
salamanders,  we  are  only  now  beginning  to  take  advantage  of 
modern  techniques  in  molecular  genetics  to  discover  the  critical 
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gene  regulatory  networks  that  regulate  regeneration.  Most  studies 
have  been  limited  in  terms  of  describing  the  anatomy  and  patterns 
of  gene  expression  associated  with  the  regeneration  process. 
Attempts  to  understand  the  function  of  candidate  genes  are  limited 
by  the  lack  of  gain-of- function  models  for  regeneration.  It  is  para- 
doxical that  it  is  experimentally  challenging  to  test  function  in  an 
animal  that  can  regenerate  perfecdy.  Although  it  is  possible  to  test 
for  the  inhibition  of  regeneration  (loss-of-function),  it  is  hard  to 
think  of  ways  to  induce  a  regenerative  response  in  an  animal  that 
already  regenerates.  To  address  this  issue  of  a  need  for  gain-of- 
function  assays,  we  began  several  years  ago  to  develop  and  validate 
experimental  models  using  the  axolod  (Ambystoma  mexicanum)  to 
develop  assays  for  the  signaling  pathways  that  control  limb 
regeneration. 

Initially,  we  focused  on  how  to  identify  the  signals  that  induce 
blastema  formation  and  subsequent  reformation  of  an  entire  limb. 
We  took  advantage  of  previous  reports  in  the  literature  indicating 
that  ectopic  limbs  could  be  induced  to  form  from  wounds  on  the 
side  of  the  limb  [1,2].  Building  on  the  insight  that  this  response  is 
dependent  on  signals  from  a  nerve  combined  with  interactions 
between  dermal  fibroblasts,  we  were  able  to  optimize  and  validate 
the  Accessory  Limb  Model  (ALM)  as  an  assay  for  the  events  that 
are  induced  by  amputation  and  lead  to  regeneration  of  the  entire 
limb  [1,  2]  (Fig.  la,  b).  We  subsequently  developed  the  Excisional 
Regeneration  Model  (ERM)  in  the  axolotl  to  identify  the  steps  and 
signals  leading  to  the  regeneration  of  skeletal  defects  along  the 
proximal-distal  limb  axis,  which  are  common  injuries  that  can  lead 
to  amputation  given  our  limited  ability  to  repair  them  [3]  (Fig.  lc,  e). 
In  both  these  models,  the  strategy  is  to  start  with  the  axolotl  that 
we  know  can  regenerate  all  the  limb  structures  perfectly  when  the 
limb  is  amputated.  We  then  create  wounds  that  in  the  absence  of 
additional  signals  do  not  regenerate.  We  then  can  deliver  and  test 
candidate  factors  to  these  wounds  so  as  to  induce  a  regenerative 
response  as  a  gain-of-function  assay. 

The  ALM  is  based  on  the  ability  to  induce  an  entire,  ectopic 
limb  to  form  from  a  wound  on  the  side  of  the  arm  of  an  axolotl 
(Fig.  la,  b).  From  the  earlier  literature,  it  was  evident  that  if  all  the 
necessary  signals  are  provided,  a  limb  is  formed  de  novo;  however, 
if  one  or  more  of  these  signals  is  not  provided  the  regenerative 
response  is  impaired  [  1  ] .  If  a  skin  wound  is  made  but  no  additional 
signals  are  provided  (Fig.  3c),  the  wound  becomes  re-epithelial- 
ized  and  the  dermis  regenerates  without  forming  a  scar.  If,  how- 
ever, the  brachial  nerve  is  surgically  deviated  to  the  site  of  the  skin 
wound,  dermal  cells  adjacent  to  the  wound  are  induced  to  migrate 
to  the  site  of  the  deviated  nerve  where  they  dedifferentiate  to  form 
an  ectopic  blastema  [1]  (Fig.  la  and  3e).  The  induced  ectopic  blas- 
tema is  equivalent  to  the  blastema  formed  in  response  to  amputa- 
tion [2],  and  thus  the  ALM  is  a  model  for  studying  the  induction 
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Fig.  1  Regeneration  of  an  entire  new  limb  or  a  radial  defect  in  the  axolotl.  (a)  In  response  to  signals  from  the 
wound  epithelium  and  a  deviated  nerve  (red  asterisk),  dedifferentiated  blastema  cells  accumulate  on  the  side  of 
the  arm.  (b)  If  in  addition  to  the  wound  and  nerve  signals,  cells  from  the  side  of  the  limb  that  is  opposite  to  the 
wound  are  grafted  into  the  wound  (see  also  Fig.  3a,  b),  a  normally  patterned  ectopic  limb  is  induced  to  form  de 
novo  (arrow),  (c)  Surgical  removal  of  the  mid-diaphyseal  region  of  the  radius  results  in  a  defect  (critical  size 
defect,  CSD)  that  is  not  regenerated,  (d)  Regeneration  of  a  CSD  can  be  induced  by  a  variety  of  experimental 
manipulations,  including  the  implantation  of  gelatin  microcarrier  beads  soaked  in  BMP2  (red asterisk),  (e)  Grafted 
blastema  cells  (grafted  cells  are  green  from  a  GFP  donor  animal)  regenerate  the  CSD  and  differentiate  into  chon- 
drocytes that  integrate  into  the  cut  ends  of  the  host  defect  (red  is  immunostaining  for  Type  II  Collagen) 

of  dedifferentiation  and  blastema  formation.  The  important  advan- 
tage of  the  ALM,  in  contrast  to  amputation,  is  that  there  is  very 
litde  damage  to  the  stump  tissues,  and  thus  extraneous  signaling 
events  associated  with  the  trauma  of  amputation  are  not  induced. 

Although  nerve-associated  signals  are  necessary  and  sufficient 
to  induce  blastema  formation,  additional  signals  are  required  to 
induce  a  limb  de  novo.  As  has  been  appreciated  for  decades,  the 
genesis  of  an  entire  new  limb  requires  the  interaction  of  cells  from 
opposite  sides  of  the  limb  [4-6].  These  cells  are  provided  in  the 
ALM  by  the  grafting  of  skin  from  the  side  of  the  limb  that  is  oppo- 
site the  side  on  which  the  wound  is  created  (e.g.,  a  graft  of  posterior 
sldn  to  an  anterior  wound;  Fig.  3a,  b,  f).  In  response  to  signaling 
from  both  a  deviated  nerve  and  connective  tissue  cells  grafted  from 
the  opposite  side  of  the  limb,  a  new  and  perfectly  patterned  limb 
can  be  induced  to  form  at  a  high  frequency  [1]  (Fig.  lb). 
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Results  from  ALM  experiments  have  provided  a  number  of 
insights  into  the  mechanisms  of  limb  regeneration.  The  fundamen- 
tal contribution  of  the  ALM  is  the  demonstration  that  regenera- 
tion is  a  stepwise  process  (e.g.,  wounding,  nerve  signaling,  and 
cell-cell  interactions).  Experimentally  it  is  important  that  the  ALM 
allows  us  to  study  each  step  individually,  unlike  the  situation  with 
an  amputation  in  which  all  the  steps  are  activated.  Secondly,  the 
ALM  demonstrates  the  critical  role  of  dermal  fibroblasts  in  con- 
trolling growth  and  pattern  formation  during  regeneration.  This 
function  had  been  established  previously  from  studies  based  on  the 
limb  amputation  model  [4,  7].  With  the  ALM,  the  only  tissues  that 
are  damaged  are  the  severed  nerve  and  the  wounded/grafted  der- 
mal connective  tissue.  The  interactions  between  the  graft  and  host 
dermal  fibroblasts  in  response  to  nerve  signals  subsequently  gener- 
ate the  signals  that  activate  and  recruit  the  ingrowth  and  patterns 
of  the  other  limb  tissues  (e.g.,  blood  vessels,  nerves,  and  myopro- 
genitor  cells  derived  from  satellite  cells).  Finally,  the  ALM  can  be 
used  as  an  assay  to  test  the  function  of  candidate  molecules  and 
factors  that  can  be  delivered  by  a  number  of  techniques  (e.g.,  elec- 
troporation,  microinjection  of  viral  vectors,  and  implantation  of 
microcarrier  beads  that  have  been  soaked  in  growth  factors).  Given 
the  ability  to  manipulate  the  steps  in  the  limb  regeneration  cas- 
cade, it  is  possible  to  utilize  the  ALM  to  test  for  function  in  the 
control  of  cell  migration,  proliferation,  and  dedifferentiation  lead- 
ing to  blastema  and  limb  formation. 

Although  many  injuries  result  in  limb  amputation,  most 
involve  the  loss  of  tissues  at  an  intermediate  level  along  the  proxi- 
mal-distal limb  axis.  In  such  cases,  the  surgical  challenge  is  to 
repair  the  damage  and  salvage  as  much  of  the  remaining  limb  as 
possible  so  as  to  avoid  amputation  of  the  remaining  limb  tissues. 
Thus  the  ability  to  enhance  a  regenerative  response  would  be  an 
important  advancement  in  treating  such  injuries.  Although  limb 
amputations  in  salamanders  have  been  studied  for  decades,  little  is 
known  about  the  regenerative  response  to  injuries  that  result  in 
structural  defects  in  the  limb.  What  is  known  is  that  typically  such 
defects  are  not  regenerated  unless  the  entire  limb  is  amputated  [3, 
8].  As  with  the  ALM,  this  lack  of  a  regenerative  response  in  an 
animal  that  can  regenerate  perfectly  provides  the  opportunity  to 
develop  a  gain-of-function  assay  for  regeneration. 

The  ERM  involves  the  surgical  removal  of  a  central  segment  of 
the  radius  in  the  zeugopod.  This  mid-diaphyseal  deletion  fails  to 
regenerate  beyond  a  critical  size  limit  (critical  size  defect,  CSD) 
despite  the  immense  regenerative  ability  of  the  axolotl  [3,  9] 
(Fig.  lc).  It  is  important  to  note  that  this  response  to  injury  in  the 
axolotl  is  equivalent  to  that  in  the  human.  Mesenchymal  progeni- 
tors are  activated  and  form  a  soft  callus  structure  made  of  fibrocar- 
tilage  around  the  cut  ends  of  the  skeletal  element,  and  without 
treatment  or  intervention,  the  gap  created  by  the  surgery  will 
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persist.  However,  in  the  axolotl  the  addition  of  multipotent  blas- 
tema cells  generated  by  dedifferentiation  after  limb  amputation 
provides  cells  with  the  ability  to  be  reprogrammed,  leading  to  the 
regeneration  of  the  excised  skeletal  element  [3].  Taking  these 
results  together,  the  ERM  creates  an  injury  environment  that  is 
permissive  and  instructive  for  a  regenerative  response,  but  does 
not  induce  dedifferentiation  so  as  to  provide  a  source  of 
regeneration-competent  cells. 

By  creating  an  assay  in  which  regeneration  is  not  the  endoge- 
nous response,  we  can  begin  to  identify  the  molecular  factors  for 
inducing  regeneration  in  a  non-regenerating  wound.  As  men- 
tioned previously,  grafting  of  dissociated  blastema  cells  into  the 
wound  site  results  in  a  regenerated  skeletal  element  that  is  inte- 
grated into  the  existing  host  bone  (Fig.  le).  Other  cell  types  can  be 
grafted  into  the  injury  with  various  results.  For  example,  dermal 
fibroblasts,  the  progenitors  of  the  blastema,  form  dense  connective 
tissue  when  grafted  but  do  not  repair  the  defect.  However,  the 
presence  of  a  nerve  deviated  to  the  wound  site  promotes  dediffer- 
entiation of  surrounding  cells,  as  well  as  the  grafted  dermal  cells, 
leading  to  regeneration  of  the  skeletal  element.  Therapeutically 
introducing  factors  that  induce  regeneration  in  situ  could  also 
induce  dedifferentiation,  and  the  efficacy  of  candidate  factors  can 
be  assayed  based  on  the  extent  of  CSD  regeneration  that  occurs. 
One  method  of  introducing  factors  involves  the  formation  of 
microcarrier  beads  encapsulating  growth  factors  or  small  molecules 
for  delivery  to  the  wound  site  (Fig.  Id  and  4a,  d).  Alternatively, 
cells  can  be  isolated,  treated  in  culture,  and  subsequently  grafted 
into  the  wound  site.  The  extent  of  dedifferentiation  induced  dur- 
ing ex  vivo  culture  of  the  donor  cells  (e.g.,  autologous  dermal 
fibroblasts)  can  then  be  assayed  by  the  ERM  and  quantified  by  the 
degree  of  regeneration  that  results. 

Both  the  ALM  and  the  EBJVI  provide  experimental  models  to 
test  the  function  of  specific  signaling  pathways  involved  in  the  reg- 
ulation of  limb  regeneration.  The  key  element  of  both  is  that  they 
are  gain-of-function  assays  that  identify  the  progressive  steps  and 
the  signals  that  allow  for  progression  to  the  next  step.  Combined 
with  the  power  of  computational  biology  to  identify  the  regulatory 
networks  that  are  activated  in  response  to  these  injuries  in  the  axo- 
lotl, it  will  be  possible  to  discover  how  each  step  of  successful 
regeneration  progresses  from  one  to  the  next.  While  the  ability  of 
these  animals  to  regenerate  entire  organs  seems  extraordinary,  the 
mechanisms  of  regeneration  involve  many  basic  biological  pro- 
cesses regulated  by  conserved  signaling  pathways  [4].  Thus,  we 
can  expect  to  stimulate  regeneration  in  a  human  by  the  same 
mechanisms  used  by  the  axolotl,  and  thus  to  enhance  our  regen- 
erative responses  to  both  acute  injury  and  the  accumulation  of 
chronic  damage  associated  with  aging. 
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2  Materials 

Methods  for  both  surgical  procedures  are  largely  overlapping,  and 
the  following  materials  are  often  used  for  both  (Fig.  2). 

2.1   Induction  1.  Stock  Holtfreter's  salt  solution:  To  make  2  L  of  stock 

and  Maintenance  Holtfreter's  salt  solution,  add  320  g  of  NaCl,  28  g  of  CaCl2, 

of  Anesthesia  two  tablespoons  of  MgS04-7H20,  and  one  teaspoon  of  KC1. 


Fig.  2  Surgical  and  postsurgical  handling  of  the  axolotl  {Ambystoma  mexicanum).  (a)  Surgical  supplies. 
Clockwise  from  upper  left-hand  corner:  70  %  ethanol,  40  %  Holtfreter's  solution,  Kimwipes™,  surgery  plate, 
microscissors,  and  microforceps,  (b)  White  (left)  and  wild-type  (right)  axolotls  in  40  %  Holtfreter's  salt  solution, 
(c)  The  white  axolotl  is  being  anesthetizing  in  MS222  solution.  MS22  solution  contains  phenol  red  for  monitoring 
pH  change  during  anesthesia,  so  the  solution  is  pink  color  (see  Note  1).  (d)  The  animal  is  placed  on  the  surgery 
plate  and  covered  with  moist  Kimwipes™.  (e)  Surgery  area  (upper  arm)  is  exposed  from  the  moist  Kimwipes™. 
(f)  For  recovery,  the  animal  on  the  surgery  plate  is  placed  on  ice 
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2.2  Preparation 
of  Microcarrier  Beads 
for  Delivery  of 
Experimental  Agents 

2.2. 1    Sol-Gel  Beads 


2.2.2  Gelatin 
Microspheres 


2.  Holtfreter's  salt  solution,  40  %:  Add  250  mL  of  stock 
Holtfreter's  salt  solution  to  5  gal  of  deionized  water. 

3.  Stock  MS222  solution,  20x  (see  Note  1):  Add  20  g  of  MS222 
(ethyl  3-aminobenzoate  methanesulfonate  salt,  Sigma)  to  1  L 
of  deionized  water.  Store  the  solution  at  4  °C  and  avoid  light. 

4.  Working  MS222  solution,  lx:  Add  50  mL  of  20x  MS222 
stock  solution,  1  mL  of  Tris-HCl  (pH  7.4),  and  0.5  mL  of 
0.5  %  phenol  red  solution  (Sigma)  to  900  mL  of  40  % 
Holtfreter's  salt  solution.  Adjust  the  pH  to  7.4  with  NaOH. 
Adjust  the  volume  to  1  L  with  40  %  Holtfreter's  salt  solution. 
Store  the  solution  at  4  °C. 

5.  Plastic  containers  large  enough  to  immerse  an  animal  in  the 
MS222  anesthetic  solution  (Fig.  2b) 

1.  Tetramethyl  orthosilicate. 

2.  Methanol,  100  %. 

3.  HC1,  0.1  N. 

4.  Glacial  acetic  acid,  0.1  N. 

5.  Growth  factor/small  molecule  of  interest. 

1.  Type  B  gelatin. 

2 .  Olive  oil. 

3.  Acetone,  100  %. 

4.  2-Propanol,  100  %. 

5.  Glutaraldehyde  solution:  Combine  100  mL  H20,  100 
Tween  20,  and  36      of  glutaraldehyde.  Stir  on  stir  plate  for 
2  min  or  until  solution  is  homogenous. 

6.  10  mM  glycine. 

7.  Growth  factor  of  interest. 


2.3  Preparation  of 
Blastema  Cell  Grafts 

2.3.1  Collagen 
Clot  Delivery 

2.3.2  Fibrin  Clot  Delivery 


2.4  Surgical 
Procedures 


1.  Type  I  collagen  (rat  tail),  3.6  mg/mL. 

2.  L-15  culture  media,  600  %. 

3.  Fetal  bovine  serum. 

4.  Sodium  bicarbonate,  7.5  %  w/v. 

1 .  Fibrinogen,  25  mg/mL  in  60  %  DMEM  (Dulbecco's  Modified 
Eagle's  Medium). 

2.  Thrombin,  200  U/mL  in  60  %  DMEM. 

1.  Lab  Tissues  [e.g.,  Kimwipes™  (Kimtech)]. 

2.  Holtfreter's  solution,  40  %  in  squeeze  bottle. 

3.  Two  microforceps,  Dumont  #5  stainless  steel  (0.10x0.06  mm 
tips) — World  Precision  Instruments. 
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4.  Microscissors,  World  Precision  Instruments  Noyes  scissors  ( 1 5  mm 
blades),  WPI  Vannas  scissors  (5  mm  blades,  0.1  mm  tips). 

5.  Ethanol,  70  %. 

6.  Plastic  plate  or  tray  (slightly  larger  than  the  animal)  to  place 
the  animal  on  that  will  keep  liquids  contained  during  the  sur- 
gery (Fig.  2d). 

7.  Ice  and  ice  bucket. 


2.5  Sample 
Collection  and 
Processing 
for  Histology/ 
Immunohisto- 
chemistry/ln  Situ 
Hybridization 

2.5.1  Whole-Mount 
Staining 

2.5.2  Embedding 
for  Cryosectioning 


2.5.3  Histological 
Staining 


1.  Paraformaldehyde  (PFA),  4  %. 

2.  Alcian  blue,  7.5  mg/mL  in  acid  alcohol  (3:1  EtOH:Glacial 
acetic  acid). 

3.  EtOH,  100%. 

4.  KOH,  0.5  %. 

5.  KOH,  4%. 

6.  Alizarin  red  (1:4  0.1  %  w/v  Alizarin  red  in  EtOH:0.5  %  KOH). 

7.  Glycerol. 

1.  Paraformaldehyde,  4  %. 

2.  EDTA  (Ethylenediaminetetraacetic  acid),  10  %. 

3.  Sucrose,  30  %. 

4.  Tissue  Tek®  cryomold®  intermediate,  disposable  vinyl  speci- 
men molds. 

5.  Tissue  Tek®,  O.C.T.  compound,  embedding  medium  for 
frozen  tissue  specimens. 

6.  Forceps. 

7.  Liquid  nitrogen. 

1.  Alcian  blue,  7.5  mg/mL  in  acid  alcohol  (3:1  EtOH:Glacial 
acetic  acid). 

2.  Ehrlich's  hematoxylin. 

3.  Eosin,  0.25  %  w/v  in  70  %  EtOH +  0.4  %  v/v  Glacial  acetic  acid. 

4.  EtOH,  70  %. 

5.  EtOH,  95  %. 

6.  EtOH,  100  %. 

7.  Cytoseal™  60  mounting  media. 


3  Methods 

3.1    Preparation  1.  Organize  a  surgical  station  that  is  equipped  with  a  dissecting 

of  Surgical  Area  microscope  and  fiber-optics  illumination. 

2.  Disinfect  the  surgical  station  with  70  %  ethanol. 
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Sterilize  the  surgical  instruments  (see  Note  2)  with  a  glass  bead 
sterilizer  (e.g.,  Steri  250,  Inotech). 

Anesthetize  axolotl  by  immersion  in  lx  MS222  solution  (see 
Note  1)  until  it  is  no  longer  responsive  to  a  toe  pinch  (about 
20-30  min  for  larger  animals;  less  time  for  smaller  animals). 

Prepare  a  surgery  plate  that  has  a  moist  (saturated  with  40  % 
Holtfreter's  solution)  Kimwipe™  on  it. 

After  the  axolod  has  been  anesthetized,  put  the  animal  on  the 
surgery  plate. 

Cover  the  animal  with  moist  Kimwipes™  to  prevent  dehydra- 
tion of  skin.  Tease  away  the  paper  to  expose  the  surgery  area 
while  keeping  the  rest  of  the  animal  covered  (see  Note  3). 

Expose  the  upper  arm  region  by  teasing  back  the  moist 
Kimwipes™. 

Make  a  full-thickness  skin  wound  on  the  mid-anterior  region 
with  a  rectangular  incision  (1.0-1.5  mm  x  2.0-3.0  mm)  using 
microscissors  (Fig.  3c). 

Remove  the  excised  skin  using  fine  forceps. 

To  obtain  a  nerve  fiber  for  surgical  deviation  to  the  wound  site, 
lift  the  arm  to  expose  the  posterior- ventral  side,  and  make  an 
incision  extending  from  the  shoulder  to  the  elbow  (Fig.  3d). 

Locate  the  brachial  nerve,  and  transect  it  with  microscissors  at 
the  level  of  the  elbow. 

Dissect  the  transected  brachial  nerve  from  the  surrounding 
connective  tissue  being  careful  to  not  damage  the  nerve  fiber. 

To  reroute  the  transected  brachial  nerve  to  die  sldn  wound  at 
the  anterior  site,  use  microforceps  to  grab  the  tip  of  the  tran- 
sected nerve  and  guide  it  beneath  the  sldn  to  the  skin  wound 
(Fig.  3e). 

After  rerouting  the  nerve  to  the  anterior  sldn  wound,  close  the 
posterior-ventral  incision  using  microforceps  and  allow  the 
edges  to  heal  into  place  (see  Note  4). 

Carefully  turn  the  animal  over  to  access  the  posterior  side  of 
contralateral  arm  (avoid  having  the  deviated  nerve  retracting 
away  from  the  anterior  wound  site). 

Excise  a  square  piece  of  sldn  (~1  mm  on  each  side)  from  the 
posterior  side  of  the  arm  using  the  technique  for  making  the 
anterior  sldn  wound  (see  Note  5). 

Turn  the  animal  over  so  as  to  access  the  nerve-deviated  ante- 
rior wound. 
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A  B   Dorsal 


Fig.  3  Wounding,  nerve  deviation,  and  skin  grafting  to  induce  an  ectopic  limb  (Accessory  Limb  Model),  (a) 
Summary  of  surgical  procedure  for  induction  of  ectopic  limb,  (b)  A  diagram  that  shows  the  relative  positions 
of  the  wound,  deviated  nerve,  and  skin  graft  after  a  completed  surgery,  (c)  Wounding  on  the  anterior  side  of 
the  upper  arm  showing  the  major  blood  vessel  and  nerve  running  from  proximal  (left)  to  distal  (right)  along  the 
anterior  side  of  the  limb,  (d)  Incision  on  the  posterior  side  of  the  arm,  exposing  the  dissected  brachial  nerve 
(arrowheads)  and  the  tip  of  the  nerve  that  has  been  severed  distal ly  (arrow),  (e)  Deviated  nerve  on  the  anterior 
skin  wound,  (f)  The  posterior  skin  from  the  contralateral  arm  is  grafted  on  the  skin  wound  adjacent  to  the  devi- 
ated nerve  as  in  (b) 

4.  Trim  the  end  of  the  deviated  brachial  nerve  using  microscissors 
and  position  the  cut  end  so  that  it  lies  within  the  anterior 
wound  (see  Note  6;  Fig.  3e).  After  trimming,  the  nerve  tip 
should  be  positioned  vertically  in  the  middle  and  horizontally 
one-third  on  either  side. 

5 .  Place  the  posterior  skin  within  the  anterior  skin  wound,  next  to 
the  end  of  the  deviated  nerve  (Fig.  3f).  It  is  important  that  the 
tip  of  the  nerve  does  not  touch  the  edge  of  either  the  grafted 
sldn  or  the  wound  (see  Note  7). 

6.  Place  the  animal  on  the  ice  to  let  the  wound  heal  for  2  h 
(Fig.  2f). 
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Fig.  4  Excision  of  the  diaphyseal  region  of  the  radius  to  create  a  critical  size  defect  in  the  excisional  regenera- 
tion model  (ERM).  (a)  Schematic  representing  a  completed  excision  with  a  deviated  nerve  and  microcarrier 
bead  graft.  Placement  of  the  bead  is  subject  to  investigator's  aim  and  discretion,  (b)  Skin  flap  window  created 
by  three  incisions  on  the  anterior  side  of  the  zeugopod.  The  underlying  muscle  has  been  reflected  to  allow 
access  to  the  radius.  Note  the  minimal  damage  to  surrounding  tissue,  (c)  2  mm  mid-diaphyseal  segment  of  the 
radius  after  excision,  (d)  A  deep  wound  surgery  with  a  deviated  nerve  and  microcarrier  bead  graft.  Mesenchymal 
tissue  has  been  removed  from  the  top  of  the  wound  to  below  the  radius.  The  cut  ends  of  the  radius  are  visible 
with  the  deviated  nerve  placed  between  them 


7.  Place  the  animal  back  in  a  housing  container  with  40  % 
Holtfreter's  salt  solution. 

3.4   Excisional  Both  types  of  ERM  wounds  (simple  and  deep  w/nerve  deviation) 

Regeneration  Model  are  host  sites  into  which  microcarrier  beads  and/or  cells  can  be 
grafted.  Beads  and  cells  are  grafted  into  the  surgically  created  cav- 
ity between  the  cut  ends  of  the  radius.  Grafting  is  done  before 
closing  the  skin  flap  in  the  case  of  the  simple  wound,  or  after  nerve 
deviation  in  the  case  of  the  deep  wound  (there  is  no  skin  flap  and 
the  wound  heals  by  reepithelialization  from  the  surrounding  epi- 
dermal keratinocytes). 

3.4. 1    Simple  Wound  1 .  Anesthetize  an  8-10  cm  axolotl  in  MS222  solution  for  25  min. 

2.  Prepare  the  animal  for  surgery,  laying  the  axolotl  such  that  the 
subject  limb  is  easily  accessible  (see  Note  3;  Fig.  2d,  e). 

3.  Using  microscissors  (5  mm  blades,  0.1  mm  tips),  create  a  sldn 
flap  on  the  dorsal  zeugopod  by  making  three  incisions  in  the 
shape  of  a  rectangle.  The  attached  side  of  the  rectangle  should 
be  the  posterior  side  (Fig.  4a,  b). 
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4.  Reflect  the  flap  back  so  as  to  expose  the  underlying  muscle 
tissue.  Using  forceps,  expose  the  radius  by  carefully  reflecting 
the  muscle  fibers,  taking  care  to  not  sever  major  blood  vessels 
or  damage  the  muscle  itself  (see  Note  8). 

5.  Excise  a  2  mm  mid-diaphyseal  segment  of  the  radius  using 
microscissors  (15  mm  blades)  (Fig.  4c). 

6.  Return  the  displaced  muscle  fibers  to  their  original  position. 

7.  Close  the  skin  flap,  ensuring  contact  on  all  sides  with  the  adja- 
cent, uninjured  sldn.  Suturing  is  not  necessary  (see  Note  4). 

8.  Place  Kimwipes™  to  cover  the  animal  completely  except  for 
the  wound  site  created  by  the  surgery.  Soak  Kimwipes™  in 
40  %  Holtfreter's  solution. 

9.  Place  the  animal  on  the  ice  to  let  the  wound  heal  for  2  h 
(Fig.  2f)  before  returning  it  to  the  housing  container  with 
40  %  Holtfreter's  salt  solution. 


3.4.2   Deep  Wound  1.  Begin  preparation  as  described  above. 

and  Nerve  Deviation  2.  Using  microscissors  (5  mm  blades,  0.1  mm  tips),  create  a  sldn 

window  on  the  dorsal  zeugopod  by  making  four  incisions  in 
the  shape  of  a  rectangle. 

3 .  Surgically  remove  the  underlying  muscle  tissue  until  the  radius 
is  exposed. 

4.  Excise  a  2  mm  mid-diaphyseal  segment  of  the  radius  using 
microscissors  (15  mm  blades). 

5 .  Continue  to  remove  muscle  tissue  until  the  pair  of  nerves  run- 
ning between  the  radius  and  ulna  is  exposed  (see  Note  9). 

6.  Sever  the  nerves  distally  (at  the  carpal  level)  and  position  the 
cut  ends  in  the  center  of  the  deep  wound  (Fig.  4d) 

7.  Place  Kimwipes™  to  cover  the  animal  completely  except  for 
the  wound  site  created  by  the  surgery.  Soak  Kimwipes™  in 
40  %  Holtfreter's  solution. 

8.  Place  the  animal  on  the  ice  to  let  the  wound  heal  for  2  h 
(Fig.  2f)  before  returning  it  to  the  housing  container  with 
40  %  Holtfreter's  salt  solution. 


3.5   Preparation  of        The  following  protocol  describes  the  procedure  for  maldng  100 

Microcarrier  Beads         total  volume  of  sol-gel  solution.  For  larger  volumes,  the  amounts 

specified  can  be  scaled  up.  All  work  should  be  carried  out  in  the 
3.5.1    Sol-Gel  Beads  [10]      .      .     1  •  -c  a 

hood  unless  otherwise  specified. 

1.  In  a  microcentrifuge  tube  combine  37.6  H20,  31.6  tet- 
ramethyl  orthosilicate  (TMOS),  and  8.5  methanol.  TMOS 
is  extremely  hazardous  (see  Note  10). 

2.  Add  0.1  N  HC1  until  the  pH  of  the  solution  is  below  2. 
Approximately  2      should  be  sufficient. 
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3.  In  a  separate  tube,  prepare  a  mixture  of  the  growth  factor/ 
small  molecule  of  interest  in  0.1  N  acetic  acid.  The  final  vol- 
ume of  this  mixture  should  be  20  ^L.  Use  the  appropriate 
amount  of  growth  factor/small  molecule  and  add  0.1  N  acetic 
acid  until  the  volume  is  20  ^L. 

4.  Add  the  resultant  growth  factor/small  molecule  solution  to 
the  TMOS  mixture  (see  Note  11). 

5.  Dispense  the  solution  into  molds  of  a  desired  shape.  Beads 
must  be  small  for  grafting  into  the  ERM.  The  simplest  method 
of  bead  formation  is  to  dispense  1  volumes  onto  a  sheet  of 
parafilm. 

6.  Allow  the  beads  to  harden  for  3  days  at  room  temperature  in  a 
hood. 

7.  At  this  stage,  the  beads  can  be  removed  from  the  hood.  Dry 
the  beads  at  37  °C  overnight. 


3.5.2   Gelatin  1.  Add  5  g  type  B  gelatin  to  50  mL  H20.  Microwave  until  com- 

Microsphere  Beads  [1 1]  pletely  dissolved . 

(See Note  11)  2.  In  a  500  mL  beaker,  heat  250  mL  olive  oil  to  40  °C  on  a  hot 

plate/stirrer.  Add  a  stir  bar. 

3.  Slowly  pour  the  gelatin  solution  into  the  olive  oil  while  stir- 
ring. Continue  stirring  for  5  min.  The  speed  of  stirring  will 
affect  the  size  of  the  beads  produced.  Faster  speeds  will  pro- 
duce smaller  beads. 

4.  Transfer  the  beaker  to  a  cool  stir  plate  (no  heat)  and  continue 
stirring  for  30  min  at  room  temperature. 

5.  Add  100  mL  acetone  to  the  beaker  and  increase  the  stir  speed 
to  the  highest  possible.  The  acetone  will  fix  the  beads.  Remove 
any  large  aggregates  that  form  during  the  stirring  process. 
Keep  the  beaker  covered  to  prevent  contamination. 

6.  The  solution  will  have  separated  into  two  layers.  Remove  the 
top  layer  and  wash  the  beads  with  75  mL  of  2-propanol. 

7.  Transfer  the  mixture  to  two  50-mL  conical  tubes  and  centri- 
fuge at  2,000      for  5  min  at  4  °C. 

8.  Decant  the  supernatant  and  add  20  mL  of  glutaraldehyde 
solution.  Immediately  resuspend  the  pellet  and  pour  into  a 
200  mL  beaker. 

9.  Stir  the  mixture  for  approximately  2  min  or  until  most  of  the 
beads  are  separated.  Remove  large  aggregates  and  incubate 
covered  for  12  h  at  4  °C. 

10.  Transfer  the  contents  of  the  beaker  to  a  50-mL  conical  tube 
and  centrifuge  at  2,000  y,g  for  2  min  at  4  °C. 

11.  Decant  the  supernatant  and  wash  the  beads  in  50  mL  H20. 
Centrifuge  at  2,000  xjj  for  2  min  at  4  °C. 
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12.  Decant  the  supernatant  and  transfer  the  beads  to  a  beaker 
containing  100  mL  of  a  10  mM  glycine  solution.  Stir  covered 
for  1  h  at  37  °C. 

13.  Transfer  the  contents  of  the  beaker  to  two  50-mL  conical  tubes 
and  centrifuge  at  2,000  xg  for  2  min. 

14.  Wash  beads  2x:  Decant  supernatant  and  add  50  mL  H20. 
Resuspend  and  centrifuge  at  2,000  xg  for  2  min. 

15.  Decant  the  supernatant  and  transfer  the  beads  to  a  large  Petri 
dish.  Remove  any  large  aggregates  and  dry  the  beads  at  4  °C 
overnight. 

16.  In  order  to  add  a  growth  factor  of  interest,  prepare  the  desired 
concentration  of  a  growth  factor  solution.  Soak  beads  of  the 
desired  size  (usually  300-500  ^M)  in  the  growth  factor  solu- 
tion overnight  at  4  °C. 


3.6  Preparation  of 
Blastema  Cell  Grafts 

3.6.1  Collagen 
Clot  Delivery: 
10i.iL  Volume  Graft 


In  a  sterile  microcentrifuge  tube,  combine:  27       type  I  col- 
lagen, 5  \iL  L-15  culture  media  (600  %),  2.5      FBS,  13.5 
autoclaved  H20,  and  3  \iL  NaHCOs  (7.5  %  w/v).  Mix  well. 

Transfer  10  of  the  collagen  solution  into  a  tube  containing 
a  cell  pellet  of  approximately  5  x  104  cells.  Mix  gendy  and  place 
the  mixture  into  a  35  mm  tissue  culture  dish  to  clot. 

Once  clotted,  graft  the  collagen  clot  into  the  gap  created  by 
excising  a  mid-diaphyseal  segment  of  the  radius. 


3.6.2  Fibrin  Clot  Delivery        1.  Centrifuge  approximately  7.5  xlO5  cells  into  a  loose  pellet  at 

200  xg  for  5  min. 

2.  Decant  the  supernatant  and  resuspend  in  150  fibrinogen 
solution.  Centrifuge  into  a  loose  pellet  at  200  xg  for  5  min. 

3.  Decant  the  supernatant  without  disturbing  the  pellet. 

4.  Add  1.0  of  thrombin  to  the  pellet  and  spin  at  low  speed 
(20  xg  for  1  min). 

5.  Once  the  clot  is  set,  you  can  trim  the  clot  to  the  appropriate 
size/shape  and  graft  into  the  gap  created  by  excising  a  mid- 
diaphyseal  segment  of  the  radius. 


3.7  Sample 
Collection  and 
Processing 

3.7.1  Whole-Mount 
Staining 


1.  Fix  collected  tissue  in  4  %  PFA  overnight  at  room  temperature. 

2.  Rinse  the  sample  twice  with  H20. 

3.  Stain  the  sample  with  alcian  blue  for  24  h  at  room  temperature. 

4.  Wash  the  sample  twice  with  acid  alcohol  for  5  min. 

5.  Place  the  sample  in  100  %  EtOH  overnight. 

6.  Transfer  the  sample  to  0.5  %  KOH  solution  for  destaining. 
Once  the  sample  sinks  to  the  bottom  of  the  vessel,  replace  the 
solution  with  fresh  0.5  %  KOH  and  leave  overnight. 


Axolotl  Limb  Regeneration  Assays 


415 


3.7.2  Embedding 
for  Cryosectioning 


3.7.3  Histological 
Staining 


7.  Stain  the  sample  with  alizarin  red  for  24  h. 

8.  Destain  in  4  %  KOH,  replacing  the  solution  with  fresh  4  % 
KOH  periodically. 

9.  Once  the  destaining  is  complete,  clear  the  sample  in  50  %  glyc- 
erol. After  the  sample  sinks,  transfer  to  80  %  glycerol.  Once  the 
sample  sinks  again,  transfer  to  100  %  glycerol.  This  process  will 
take  several  days. 

1.  Fix  collected  tissue  in  4  %  PFA  overnight  at  room 
temperature. 

2.  Replace  die  4  %  PFA  with  10  %  w/v  EDTA  and  incubate  over- 
night at  room  temperature.  This  step  is  necessary  for  samples 
containing  bone. 

3.  Replace  the  10  %  EDTA  with  30  %  w/v  sucrose  and  incubate 
overnight  at  4  °C  with  gentle  shaking.  Proceed  to  the  next  step 
when  the  sample  sinks  to  the  bottom  of  the  vessel. 

4.  Fill  a  cryomold  halfway  with  Tissue  Tek®,  O.C.T.  compound 
and  add  the  tissue  sample.  The  sample  should  be  submerged 
and  in  contact  with  the  bottom  of  the  mold. 

5.  Incubate  the  sample  at  4  °C  for  at  least  4  h  in  order  to  remove 
bubbles. 

6.  Add  liquid  nitrogen  to  a  Styrofoam  cooler.  Place  the  cooler  on 
a  slight  incline  so  that  the  liquid  nitrogen  is  present  on  one  side 
only.  Place  the  cryomold  on  the  elevated  side  of  the  cooler. 
Avoid  direct  contact  with  the  liquid  nitrogen.  Cover  the  cooler. 

7.  Once  frozen,  store  the  cryomold  at  -20  °C  or  colder. 

1.  Rehydrate  sectioned  tissue  in  H20  for  3-5  min. 

2.  Using  a  coplin  jar,  stain  the  slides  with  alcian  blue  for 
30-45  min.  The  stain  intensity  depends  upon  the  length  of 
time  spent  in  the  staining  solution. 

3.  Rinse  the  slides  in  H20. 

4.  Stain  the  slides  in  Ehrlich's  hematoxylin  for  5  min. 

5.  Place  the  slides  under  running  tap  water  for  10  min.  The  water 
stream  should  not  come  into  direct  contact  with  the  slides. 
Place  the  slides  in  a  slide  holder,  and  place  into  a  water-tight 
container.  The  slides  should  face  away  from  the  stream,  so  as  to 
not  disturb  the  sections. 

6.  Rinse  the  slides  in  70  %  EtOH. 

7.  Stain  the  slides  in  Eosin  for  2  min. 

8.  Rinse  the  slides  in  H20. 

9.  Rinse  the  slides  in  70  %  EtOH. 


10.  Wash  in  95  %  EtOH  for  30  s. 
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11.  Wash  in  100  %  EtOH  twice  for  3  min. 

12.  Allow  the  slides  to  dry  before  mounting  a  coverslip  using 
Cytoseal™  60  mounting  media. 


4  Notes 

1.  MS222  is  acidic,  and  if  not  buffered  appropriately  (or  if  the  pH 
of  the  solution  changes  over  time  during  storage)  the  animals 
lose  the  ability  to  efficiently  transport  oxygen  in  their  blood 
and  will  die  when  anesthetized.  Addition  of  phenol  red  pre- 
vents the  inadvertent  use  of  MS222  that  is  at  the  wrong  pH. 

2.  It  is  important  to  protect  the  mucous  layer  covering  the  skin  of 
the  animal  (e.g.,  do  not  use  antiseptic  solutions  to  wash  the 
surface  of  the  skin  prior  to  maldng  an  incision).  Mucous  in 
amphibians  has  antimicrobial  activity,  and  therefore  the  surgi- 
cal incisions  do  not  get  infected  so  long  as  the  mucous  layer  is 
present.  Similarly,  autoclaving  the  surgical  instruments  is  not 
effective  since  once  you  make  the  first  incision,  the  instrument 
is  contaminated.  Use  of  a  hot-bead  sterilizer  allows  you  to  re- 
sterilize  as  necessary  throughout  the  surgical  procedures. 

3.  During  surgery  and  subsequent  recovery,  keep  the  axolotl 
moist  by  periodically  squirting  40  %  Holtfreter's  solution  over 
the  length  of  the  animal.  Axolotls  have  both  lungs  and  gills, 
and  therefore  tolerate  being  out  of  the  water;  however,  their 
sldn  does  not  have  the  water  barrier  function  necessary  to  pre- 
vent dehydration  during  extended  periods  out  of  the  water. 

4.  Generally  it  is  not  necessary  to  suture  the  edges  of  the  wounds 
or  the  sldn  grafts.  The  edges  of  the  sldn  adhere  to  the  underly- 
ing connective  tissues  and  reepithelialization  is  rapid  in  these 
animals,  occurring  within  4-6  h  post  surgery  [12]. 

5 .  Pay  attention  to  the  orientation  of  sldn  grafts  to  avoid  flipping 
them  over  (dermis  side  up)  during  transferring  and  grafting. 

6.  The  brachial  nerve  is  white,  surrounded  by  a  fibrous  bundle, 
and  can  be  distinguished  easily  from  the  adjacent  blood  vessels. 
It  is  very  important  not  to  damage  either  the  blood  vessels  or 
the  brachial  nerve  fiber  during  surgery.  To  avoid  damage  to  the 
nerve  fiber,  lift  only  the  tip  of  the  nerve,  which  will  then  be 
trimmed  off  after  being  rerouted  to  the  anterior  sldn  wound. 

7.  The  protocol  for  deviating  the  nerve  is  based  on  the  assump- 
tion that  posterior  sldn  graft  is  going  to  be  made.  For  experi- 
ments that  involve  induction  of  only  an  ectopic  blastema 
(wound  with  deviated  nerve  but  no  posterior  sldn  graft),  the 
end  of  the  nerve  can  be  placed  anywhere  within  the  wound 
bed.  Signals  from  the  deviated  nerve  attract  migrating  cells 
from  the  periphery  such  that  the  ectopic  blastema  will  form 
symmetrically  over  the  cut  end  of  the  nerve. 
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8.  Be  sure  to  avoid  severing  major  blood  vessels  or  muscle  tissue. 
In  the  event  that  a  blood  vessel  is  severed,  control  the  bleeding 
before  proceeding.  Using  a  dry  Kimwipe™,  gently  blot  the 
wound  until  bleeding  subsides.  Remove  any  blood  clots  using 
forceps  or  a  stream  of  40  %  Holtfreter's  solution. 

9.  After  removing  the  muscle  tissue,  keep  the  deep  wound  dry  by 
regularly  absorbing  excess  Holtfreter's  solution  with  a  dry 
Kimwipe™.  This  will  aid  the  surgery  by  increasing  visibility  of 
the  nerve. 

10.  TMOS  is  extremely  hazardous  and  volatile.  Lab  coat,  safety 
goggles,  and  double  nitrile  gloves  are  required.  When  creating 
the  sol-gel  solution,  begin  with  the  water  in  the  microcentrifuge 
tube,  and  then  add  the  TMOS.  This  will  minimize  the  amount 
of  TMOS  exposure.  Once  TMOS  and  water  are  combined,  the 
TMOS  is  hydro lyzed  and  safe. 

11.  Sol-gel  beads  are  clear  and  may  be  hard  to  visualize.  You  may 
add  a  dye  in  order  to  increase  their  visibility. 
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Chapter  24 


The  Mouse  Digit  Tip:  From  Wound  Healing  to  Regeneration 

Jennifer  Simkin,  Manjong  Han,  Ling  Yu,  Mingquan  Yan, 
and  Ken  Muneoka 

Abstract 

A  challenge  to  the  study  of  regeneration  is  determining  at  what  point  the  processes  of  wound  healing  and 
regeneration  diverge.  The  mouse  displays  level-specific  regeneration  responses.  An  amputation  through 
the  distal  third  of  the  terminal  phalanx  will  prompt  a  regeneration  response  and  result  in  a  new  digit  tip 
that  mimics  the  morphology  of  the  lost  digit  tip.  Conversely,  an  amputation  through  the  distal  third  of  the 
intermediate  phalanx  initiates  a  wound  healing  and  scarring  response.  The  mouse,  therefore,  provides  a 
model  for  studying  the  transition  between  wound  healing  and  regeneration  in  the  same  animal.  This  chap- 
ter details  the  methods  used  in  the  study  of  mammalian  digit  regeneration,  including  a  method  to  intro- 
duce exogenous  protein  into  the  mouse  digit  amputation  model  via  microcarrier  beads  and  methods  for 
analysis  of  bone  regeneration. 

Key  words  Digit  regeneration,  Amputation  model,  Scarring  response 


1  Introduction 

In  some  animals,  injury  prompts  complete  regrowth  of  complex 
tissues  to  perfectly  replace  the  lost  structures.  Classical  models  of 
this  response  include  tail,  eye,  and  limb  regeneration  in  many  sala- 
manders, claw  regeneration  in  the  crawfish,  and  head  and  tail 
regeneration  of  the  hydra  [1-3].  In  contrast,  an  injury  in  mammals 
generally  cues  a  wound  healing  response  that  ultimately  ends  with 
a  scar  and  incomplete  structures.  Arm  and  leg  amputations  in 
humans  terminate  in  a  bone  stump  covered  by  scar  tissue.  However, 
data  suggest  that  humans  do  retain  a  regenerative  potential.  For 
several  decades,  surgeons  have  described  the  regeneration  of 
human  digit  tips  following  amputation  injury  [4].  In  1972,  sur- 
geons observed  the  regrowth  of  fingertips  in  amputation  wounds 
that  were  cleaned  but  not  sutured  [5].  This  conservative  treatment 
of  amputation  injuries  led  to  an  increase  in  the  observation  of  fin- 
gertip regeneration  in  both  children  and  adults  [5,  6].  It  has  been 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 

Methods  in  Molecular  Biology,  vol.  1037,  DOI  10.1 007/978-1  -62703-505-7_24,  ©  Springer  Science+Business  Media  New  York  2013 

479 


420 


Jennifer  Simkin  et  al. 


established  that  while  some  amputation  injuries  would  mount  a 
rebuilding  response,  others  culminate  in  a  wound  healing  and  scar- 
ring process  [7].  Ultimately,  the  response  seen  in  the  human  digit, 
whether  a  scar  or  a  new  digit  tip  will  form,  depends  upon  the  level 
of  amputation  injury. 

Amputation  proximal  to  the  nail  bed  results  in  a  wound  heal- 
ing response,  the  permanent  loss  of  amputated  structures,  and  scar 
formation  [7].  In  contrast,  an  amputation  in  the  distal  third  of  the 
distal  phalanx,  transecting  the  nail,  bone,  and  connective  tissue  will 
trigger  a  regenerative  response  that  results  in  a  digit  tip  similar  in 
structure  and  function  to  the  lost  fingertip.  The  newly  regenerated 
digit  tip  is  a  complex  structure  including  bone,  nail,  dermis,  and 
epidermis,  suggesting  that  this  process  is  more  than  just  a  regrowth 
response  but  most  likely  includes  tissue-specific  interactions  [8]. 
These  clinical  descriptions  of  human  digit  tip  regeneration  coupled 
with  the  regenerative  capacity  of  other  vertebrates,  such  as  the  sala- 
mander, suggest  that  humans  have  retained  the  ability  to  regener- 
ate. Figuring  out  how  to  unlock  this  inherent  potential  in  humans 
requires  a  practical  model  of  regeneration. 

The  mouse  adult  and  neonatal  digit,  like  a  human  fingertip, 
display  level -specific  regeneration  responses  [9]  (Fig.  1).  The  distal 
one-third  of  phalangeal  element  3  (P3),  including  bone,  surround- 
ing soft  connective  tissue,  nail,  and  vasculature  can  regrow  in  a 
pattern  that  mimics  the  lost  digit  tip  [8,  10].  Conversely,  proximal 
level  amputations  through  the  distal  one-third  of  the  second  pha- 
langeal element  (P2)  result  in  wound  healing  and  scar  formation. 
This  juxtaposition  of  regeneration-competent  and  regeneration- 
incompetent  tissue  environments  provides  a  model  in  which  we 
can  perform  both  loss-of-function  and  gain-of-function  studies  in 
the  same  animal  to  determine  the  fundamental  difference  between 
wound  healing  and  regeneration. 

To  study  what  signaling  pathways  are  necessary  for  regenera- 
tion, either  the  neonatal  (postnatal  day  3  mouse)  or  the  adult  (8 
week  old)  amputation  models  are  used  in  experiments  to  block  the 
regenerative  response.  Both  models  have  advantages  and  disadvan- 
tages. Neonatal  bone  is  still  developing  and  not  as  dense  as  adult 
bone  which  facilitates  ease  of  processing  for  histology  and  in  situ 
hybridization.  In  the  adult  at  8  weeks,  growth  plates  have  com- 
pleted ossification  and  bone  elongation.  While  this  makes  the  adult 
bone  more  difficult  to  process,  the  adult  regenerative  response  can 
easily  be  tracked  in  vivo  using  ^CT  or  X-ray  analysis. 

This  chapter  focuses  on  level-specific  amputations  in  the 
mouse  model  and  on  specific  methods  for  inducing  a  regenerative 
response  by  manipulating  growth  factor  signaling.  Also  detailed 
here  are  methods  for  tracking  and  evaluating  the  regenerative 
process. 
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A  Regenerative 


Fig.  1  Amputation  planes  in  the  adult  (a,  c)  and  neonatal  digits  (b,  d).  An  amputation  {white  lines)  across  the 
distal  third  of  the  third  phalangeal  element  (P3)  will  mount  a  regeneration  response  in  both  adults  (a,  lateral 
view)  and  neonates  (b,  ventral  view).  The  amputation  cuts  through  bone,  connective  tissue,  epidermis,  and  nail 
(inset  diagrams).  An  amputation  through  the  distal  third  of  the  second  phalangeal  element  (P2)  in  both  adults 
(c,  lateral  view)  and  neonates  (d,  ventral  view)  will  result  in  scar  formation  and  missing  structures.  Note  that 
digits  2, 3,  and  4  are  still  fused  in  the  neonate  (b,  d). 


1.1    Stages  Following  amputation  of  the  mouse  digit,  the  various  tissue 

Of  the  Amputation  responses,  depending  upon  amputation  level,  can  be  monitored 

Responses  histologically  by  looking  for  several  key  stages  (Figs.  2  and  3). 

1 .  Inflammation — The  initial  response  following  any  amputation, 
whether  through  adult  or  neonate  P2  or  P3,  is  similar  to  the 
wound  healing  response  observed  in  full-thickness  skin  injuries 
[11]:  blood  vessels  open,  the  soft  tissue  swells,  a  fibrin  clot 
forms,  the  epidermis  thickens  at  the  wound  site,  and  inflamma- 
tory cells  infiltrate  (Fig.  2  #1-3  and  3  #1-2). 

2 .  Histolysis — Osteoclasts  become  evident  at  the  amputated  bone 
lining,  both  in  the  marrow  and  on  the  periosteum  [12].  In  the 
adult  P3  amputation,  the  bone  is  completely  severed  by  this 
degradation  response  at  about  7-9  days  post  amputation 
(DPA),  exposing  the  marrow  to  the  surrounding  tissue  (Fig.  2 
#4,  6).  Degradation  of  the  skeletal  template  can  be  seen  in  the 
neonate  amputations,  as  well,  but  the  response  is  not  as  easily 
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Fig.  2  Histological  timeline  of  events  during  adult  (a)  and  neonate  (b)  digit  regeneration  following  a  distal  P3 
amputation,  (a)  Adult  timeline  visualized  by  H&E  stain.  By  7  DPA  digit  shows  (7)  fragmented  connective  tissue 
surrounding  bone,  (2)  a  fibrin  clot  forming  over  cut  area,  (5)  thickening  epidermis  to  form  wound  epidermis,  (4) 
bone  degradation.  By  9  DPA  digit  shows  (5)  epidermis  migrating  between  degrading  bone  stump  to  eject  bone, 
(6)  bone  marrow  cavity  open  to  surrounding  tissue  and  hypercellular.  At  1 2  DPA,  (7)  the  blastema  is  more 
evident.  At  1 8  DPA,  (5)  new  trabecular  bone  has  begun  to  form  and  at  28  DPA  the  digit  has  regained  its  original 
shape  but  continues  to  be  remodeled,  (b)  Neonate  timeline  visualized  by  Mallory  Trichrome  stain:  By  4  DPA,  the 
digit  is  visibly  swollen  and  the  extracellular  matrix  of  the  connective  tissue  is  fragmented  ( 7).  A  fibrin  clot  forms 
over  the  distal  tip  of  the  amputation  wound  (2)  and  bone  resorption  is  evident  (4)  just  as  in  the  adult  digit.  The 
epidermis  begins  to  thicken  at  this  stage  as  well,  but  can  be  easily  visualized  at  6  DPA  when  re-epithelialization 
is  mostly  complete  (3).  At  6  DPA,  the  marrow  cavity,  not  yet  completely  formed  in  neonates,  is  open  to  the  sur- 
rounding connective  tissue  (6)  and  a  highly  proliferative  population  of  mesenchymal  cells  can  be  seen  in  front 
of  the  bone  stump  (7).  At  8  DPA,  bone  begins  to  reform  (8)  as  the  blastema  continues  to  move  distally  (7).  The 
neonatal  digit  continues  developing  and  at  4, 6,  and  9  WPA  the  digit  mimics  an  unamputated  control  digit.  DPA 
4,  6  and  unamputated  control  micrographs  reprinted  with  permissions  [7].  DPA  days  post  amputation,  WPA 
weeks  post  amputation 
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Fig.  3  Histological  timeline  of  events  following  a  non-regenerating  P2  amputation  of  an  adult  (a)  and  neonatal 
(b)  mouse,  (a)  Adult  wound  healing  process  shown  by  H&E.  Following  a  P2  amputation,  by  as  early  as  2  DPA 
but  still  visible  at  5  DPA,  a  fibrin  clot  caps  the  open  bone  marrow  (7).  The  epidermis  begins  to  thicken  (2).  Bone 
degradation  peaks  around  9  DPA  (3)  as  the  wound  epidermis  migrates  between  the  cut  surfaces  of  the  bone 
(4).  By  14  DPA  the  epidermis  has  completed  closure  of  the  wound  (5),  a  cartilaginous  callus  can  be  seen  ossify- 
ing annularly  along  the  periosteal  surface  {6)  and  a  dense  collagen  scar  can  be  seen  forming  in  front  of  the 
bone  stump  (7).  (b)  Neonatal  wound  healing  process  shown  by  Mallory's  Trichrome.  In  the  neonate,  a  P2 
amputation  results  in  a  wound  healing  response  characterized  by  tissue  swelling,  fibrin  clot  formation  (1)  and 
epidermal  thickening  (2).  Re-epithelialization  occurs  between  4  and  6  DPA  as  the  wound  epidermis  migrates 
across  the  amputated  bone  stump  beneath  the  fibrin  clot  (4).  A  dense  collagen  scar  forms  at  the  amputated  tip 
of  the  bone  stump  (7),  but  unlike  in  the  adult,  the  neonatal  bone  continues  to  elongate  (S)  as  the  growth  plate 
at  the  proximal  end  of  P2  remains  active 


visualized  (Fig.  2  #4  neonate).  P2  amputations  also  demon- 
strate bone  histolysis  (Fig.  3  #3);  however,  bone  degradation  is 
not  as  consistent  and  depends  upon  the  exact  level  of 
amputation. 

3.  Epidermal  closure — The  P2  and  P3  level  amputation  responses 
diverge  at  this  stage.  Following  a  P3  amputation,  the  epidermis 
migrates  between  the  degrading  bone  surfaces  to  close  the 
wound  and  expel  the  self-severed  bone  (Fig.  2  #5).  The  wound 
epidermis  is  completely  closed  at  about  6-8  DPA  for  the  neo- 
nate model  [7]  and  9-10  DPA  for  the  adult  [12].  In  contrast, 
following  a  P2  amputation,  the  wound  epidermis  migrates 
across  the  top  of  the  bone  between  the  fibrin  clot  and  bone 
stump,  completing  re-epithelialization  between  4  and  6  DPA 
in  neonates,  8-13  DPA  in  adults  (Fig.  3  #4). 
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4.  Subsequent  to  the  complete  closure  of  the  epidermis  in  a  P2 
amputation,  fibroblastic  cells  at  the  distal  tip  of  the  bone  stump 
deposit  collagen  fibrils,  capping  the  bone  in  both  the  neonate 
and  adult  (Fig.  3  #7).  In  the  adult,  a  chondrocytic  callus  forms 
annularly  along  P2  (Fig.  3  #6).  This  callus  eventually  ossifies 
creating  a  P2  bone  that  is  wider  and  shorter  in  length  than  the 
original  amputation  level.  In  neonates,  the  bone,  although 
capped  by  a  fibrotic  scar,  continues  to  elongate  due  to  the 
active  growth  plate  at  the  proximal  end  of  P2  (Fig.  3  #8). 
Neither  in  the  adult  nor  in  the  neonate  does  P2  ever  reach  its 
original  length  or  shape.  This  step  concludes  the  P2  amputa- 
tion response.  In  contrast,  a  P3  amputation  response,  in  botii 
models,  continues  through  the  next  stage  of  the  regenerative 
process:  blastema  formation. 

5.  Blastema  formation — At  8  DPA  for  neonate,  12  DPA  for 
adult,  a  highly  proliferative,  undifferentiated  collection  of  cells 
can  be  observed  at  the  distal  end  of  the  bone  stump.  In  adults, 
this  blastema  is  contiguous  with  the  bone  marrow  and  surround- 
ing soft  connective  tissue  of  the  amputated  bone  (Fig.  2  #7). 
In  neonates,  the  bone  marrow  cavity  is  not  yet  delineated,  but 
the  blastema  persists  at  the  tip  of  the  skeletal  stump.  This  pop- 
ulation of  cells  will  contribute  to  the  final  stage  of  regenera- 
tion [7]. 

6.  Redifferentiation — Histological  staining  at  8  days  post  ampu- 
tation in  the  neonate,  12-14  DPA  for  adult,  indicates  the 
beginning  of  bone  rebuilding  [7,  12].  The  newly  forming 
bone  is  trabecular  in  appearance  and  highly  vascularized  (Fig.  2 
#8).  Bone  continues  to  elongate  until  general  morphology  and 
patterning  are  restored  at  approximately  14  DPA  in  neonate, 
28  DPA  in  adult.  Following  this,  appositional  growth  and 
remodeling  continues  beyond  21  DPA  for  neonate,  28  DPA 
for  adult.  During  this  time,  nail  and  surrounding  soft  connec- 
tive tissue  are  also  regrowing. 

1.2   Manipulating  Studying  the  P3  regenerative  response  in  transgenic  models  allows 

Signaling  Pathways  us  to  dissect  pathways  that  are  essential  for  regeneration  and  has 
carved  out  a  prominent  role  for  the  BMP  cascades.  For  example, 
the  Msxl  mutant  embryo  shows  regeneration  defects  that  can  be 
rescued  by  exogenous  addition  of  BMP4  [13].  To  better  study  this 
pathway,  the  BMP  inhibitor,  NOGGIN,  was  found  to  inhibit 
regeneration  when  introduced  to  the  P3  amputation  wound  using 
an  Affi-gel  agarose  microcarrier  bead.  Alternatively,  exogenous 
introduction  of  BMP2  or  BMP7  to  a  normally  non-regenerating 
amputation  wound  trigger  a  regeneration  response  [14]. 

Growth  factor  delivery  using  Affi-gel  agarose  beads  with 
Cibacron  Blue  have  been  used  for  many  years  in  embryonic  devel- 
opment studies  [15-17].  Cibacron  Blue  dye  has  been  referred  to 
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as  a  "universal  pseudoaffinity  ligand"  because  this  dye  is  able  to 
bind  many  different  water  soluble  proteins,  enzymes,  and  small 
molecules.  The  Cibacron  Blue  molecule  is  composed  of  a  combi- 
nation of  aromatic  (nonpolar)  and  sulfonate  (ionic)  groups 
enabling  this  molecule  to  bind  a  wide  variety  of  proteins  [18]. 

The  protein  release  dynamics  of  this  bead  system  are  quick, 
with  adsorbed  protein  generally  being  depleted  within  the  first 
24  h  of  implantation.  This  quick  release  of  protein  allows  for  tight 
temporal  control  over  delivery  [19,  20].  The  agarose  beads  survive 
tissue  processing  and  staining,  allowing  easy  visualization  of  cell 
interaction  with  the  beads.  One  limitation  of  this  system  is  not 
knowing  exact  protein  concentrations  that  are  carried  by  the  beads 
and  subsequently  released  into  the  animal,  although  we  have  used 
microcarrier  beads  to  elicit  a  dose -dependent  migratory  response 
in  vivo  [21].  Delivering  BMPs  with  microcarrier  beads  can  influ- 
ence proliferation  and  differentiation  in  vivo  long  after  the  protein 
is  exhausted,  thus  suggesting  that  a  single  burst  of  activity  is 
sufficient  to  dramatically  change  downstream  signaling  pathways  in 
vivo  [14]. 

Our  lab  has  had  success  in  translating  these  techniques  to  post- 
natal and  adult  mammals  with  the  goal  of  manipulating  signaling 
pathways  that  are  important  in  regeneration. 


2  Materials 

2.1  Animals 

2.2  Anesthesia 


2.3  Tools  for 
Amputations 


2.4  Tools  for  Bead 
Implantations 


Mice:  CD#1  day-3-postnate,  CD#1  8-week-old  female  adult  (see 
Note  1). 

1.  4  °C  incubation  chamber:  Ice,  towels  (Neonates). 

2.  0.1  mg  Ketamine/xylazine  per  gram  mouse  body  weight 
(Adults). 

3.  Isoflurane. 

1.  Iridectomy  scissors:  Vannas  7  mm  straight  blades  (Neonates). 

2.  Scalpels:  Miltex4-411  #10  blade  (Adults). 

3.  Dermabond. 

4.  Dissection  microscope. 

1 .  Cibacron  Blue  cross-linked  microcarrier  beads:  BioRad  Affi-Gel 
Blue  Gel  beads,  150  ^m  in  diameter  for  neonate  models  and 
400  \im  in  diameter  for  adult  models. 

2.  0.01  M  Phosphate-buffered  saline  (PBS):  0.138  M  NaCl, 
0.0027  M  KC1  pH  7.4,  0.1  %  BSA. 

3.  Recombinant  BMP2  reconstituted  in  PBS  with  0.1  %  BSA  and 
4  mM  HC1. 
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2.5  Analysis 


2.6  Tissue 
Collection,  Fixation, 
Sectioning 


2.7  Immunohisto- 
chemistry  with 
In  Situ  Hybridization 


4.  Tungsten  needle:  electrolytically  sharpened  [22]. 

5.  Forceps:  World  Precision  Instruments,  #5  Super  Fine. 

1.  High  resolution  micro  Computed  Tomography  (^CT) 
scanner. 

2.  Calcein:  diluted  to  7.0  mg/kg  mouse  body  weight  in  2  % 
NaHCC-3,  pH  7.4. 

3.  Alizarin  Complexone  (ACO):  dilute  to  50  mg/kg  mouse  body 
weight  in  2  %  NaHCOa,  pH  7.4. 

4.  Glycerol  100  %. 

1.4%  Paraformaldehyde  in  PBS. 

2.  Decalcification  solution:  10  %  Formaldehyde,  8  %  formic  acid, 
1  %  methanol  (Surgipath  Decal  Solution  I). 

3.  Xylene  and  ethanols:  70,  95,  100  %. 

4.  Paraffin:  56  °C  melting  temperature. 

5.  Microtome. 

6.  Sta-on  slide  coater:  Mix  of  gelatin  and  chromium  potassium 
sulfate. 

7.  Slides:  Superfrost  Plus  (Fischer),  25  x  75  x  1.0  mm  glass. 

1.  RNAse-free  PBT:PBS  with  0.1  %  Tween  20. 

2.  Proteinase  K(l  ^ig/mL). 

3.  2x  Salt  sodium  citrate  (SSC):  175.3  g  NaCl,  88.2  g  sodium 
citrate  pH  4.5,  dilute  1:10  with  sterile  H20. 

4.  Digoxigenin-labeled  Collagen  XRNA  probe. 

5.  Probe  hybridization  buffer:  50  %  Formamide,  5x  SSC  pH  4.5, 
1  %  SDS,  50  mg/mL  tRNA,  50  mg/mL  Heparin  in  sterile 
H20. 

6.  Buffer  1:  Formamide,  20x  SSC  pH  4.5, 10  %  SDS,  sterile  H20 
preheat  to  70  °C. 

7.  Buffer  2:  Formamide,  20x  SSC  pH  4.5,  sterile  H20  preheat  to 
65  °C. 

8.  Tris-buffered  saline  solution  (TBS):  0.05  M  Tris-HCl,  0.138  M 
NaCl,  0.0027  M  KC1,  pH  8.0  with  0.05  %  Tween  20. 

9.  Protein  block,  Serum-free  solution. 

10.  Anti-digoxigenin  antibody  conjugated  to  horse  radish  peroxi- 
dase (HRP)  (0.75  U/nL). 

11.  In  situ  blocking  solution:  1.8  %  Blocking  reagent  (Roche), 
10  %  heat  inactivated  sheep  serum  (HISS),  80  %  PBT  heat  to 
70  °C,  let  cool  to  room  temp. 

12.  Tyramide  conjugated  to  Alexa-Fluor  488. 
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13.  Primary  antibody:  example  MouselgGl  anti-COLLAGENII. 

14.  Secondary  antibody:  example  Goat  anti-mouse  IgGl  conju- 
gated to  Alexa-Fluor  568. 

15.  Antibody  Diluent. 

16.  DAPI:  4',6-diamidino-2-phenylindole. 

17.  Prolong  Gold  Antifade  coverslip  mounting  medium. 

18.  Micro  Cover  Glass:  24  mm  widex60  mm  longx0.19  mm 
thick. 


1.  Anesthetize  the  neonate  by  placing  it  in  a  4  °C  incubation 
chamber  for  about  1  min. 

2.  Hold  the  neonate's  left  hindpaw  between  your  thumb  and  fore- 
finger under  a  dissection  microscope  and  apply  slight  pressure 
to  hilly  extend  the  neonate's  digits  (Fig.  lb).  Digits  2,  3,  and  4 
are  fused  below  the  P2-P3  joint  at  this  stage  of  development. 

3 .  Place  scissors  against  base  of  the  nail  where  skin  meets  nail  on 
the  ventral  side  of  the  paw  (Fig.  4a). 

4.  Perform  complete  amputation  without  cutting  through  sldn, 
so  that  only  nail,  underlying  connective  tissue,  and  developing 
bone  are  cut.  Ensure  cut  is  parallel  to  the  base  of  the  nail.  Cut 
only  digits  2  and  4,  leaving  digit  3  as  an  unamputated  control 
(Fig.  lb). 


Fig.  4  Amputation  procedure  neonate.  For  a  distal  amputation,  scissors  are  placed  against  the  base  of  the  nail 
(a).  For  a  proximal  amputation,  the  first  cut  (b)  is  made  just  distal  to  the  second  ventral  skin  fold  (see  arrows 
in  a)  across  all  three  digits  exposing  the  P2-P3  interphalangeal  joint.  Arrow  'm  (b)  shows  the  level  the  scissors 
will  cut  at.  The  second  cut  trims  the  head  of  the  joint  off  P2  (c) 


3  Methods 

3.1  Amputations 

3.1.1  Neonate 
"Distal"  P3  Amputation 
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3.1.2  Neonate  1. 
"Proximal"  P2  Amputation 

2. 


3. 
4. 
5. 

3.1.3  Adult  "Distal"  P3  1. 

2. 

3. 
4. 

3.1.4  Adult  "Proximal"  1. 
P2  Amputation 

2. 

3. 

4. 
5. 


Anesthetize  the  neonate  by  placing  it  in  a  4  °C  incubation 
chamber  for  about  1  min. 

Hold  neonate  hindpaw  between  your  thumb  and  forefinger. 
Place  slight  pressure  on  the  paw  so  that  the  digits  2,3,  and  4 
are  fully  extended.  Proximal  to  the  P2-P3  joint  the  digits  are 
still  fused  at  this  stage  of  development  and  digit  3  is  slightly 
longer  than  digits  2  and  4  (Fig.  lb).  Because  of  this,  all  three 
digits  are  cut  at  once.  However,  digit  3  is  excluded  from  the 
experimental  group  because  the  amputation  level  is  not  com- 
parable due  to  the  length  of  digit  3 . 

Use  the  skin  folds  on  the  ventral  side  of  the  digits  as  landmarks. 
Perform  amputation  slightly  distal  to  second  skin  fold  (Fig.  4b). 

The  amputation  exposes  the  distal  end  of  P2.  Wipe  blood  away 
with  cotton  swab  to  visualize  the  head  of  the  P2  joint. 

On  digits  2  and  4,  make  a  second  cut  to  trim  the  distal  end  of 
the  P2  bone  (Fig.  4c).  This  will  remove  the  head  of  the  joint 
and  expose  the  marrow  cavity. 

To  anesthetize  mouse,  inject  0.1  mg  ketamine/xylazine  per 
gram  of  mouse  body  weight  intraperitoneally. 

Using  a  dissection  microscope,  separate  the  digits  of  the  hind- 
paw  with  forceps.  Tape  the  paw  and  the  lateral  side  of  each 
digit  to  a  plastic  plate  so  that  digits  2,  3,  and  4  are  fully  extended 
and  can  be  easily  moved  around  under  the  microscope. 

Place  scalpel  against  base  of  the  nail  where  the  sldn  fold  meets 
the  nail  (Fig.  la).  The  cut  angle  should  be  parallel  to  the  base 
line  of  the  nail.  Amputate  through  the  digit  in  one  motion, 
cleanly  separating  the  tip  of  the  digit  from  the  base. 

Perform  complete  amputation  without  cutting  sldn  or  fat  pad, 
so  that  only  nail,  underlying  connective  tissue,  and  bone  are 
cut  and  marrow  is  opened.  Cut  only  digits  2  and  4  leaving  digit 
3  as  an  unamputated  control. 

To  anesthetize  mouse,  inject  0.1  mg  ketamine/xylazine  per 
gram  of  mouse  body  weight  intraperitoneally. 

Stem  blood  flow  to  the  hind  limb  by  tying  a  rubber  band  at  the 
ankle.  Tape  the  adult  mouse  paw  on  a  plastic  plate  and  apply 
slight  pressure  to  fully  extend  the  digits. 

Using  the  ventral  sldn  folds  as  landmarks,  place  the  scalpel 
against  the  second  sldn  fold.  The  cut  angle  should  be  perpen- 
dicular to  the  ventral  line  of  the  digit  (Fig.  lc). 

Amputate  and  completely  bisect  the  digit  with  one  motion.  Cut 
only  digits  2  and  4  leaving  digit  3  as  the  unamputated  control. 

Apply  a  drop  of  Dermabond  with  a  1  mL  micropipette  and 
release  the  rubber  band. 
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1.  In  a  0.5  mL  centrifuge  tube,  collect  40-60  beads,  size  150 
(neonate)  or  400       (adult)  in  diameter  and  add  PBS  solution 
with  0.1  %  BSA. 

2.  Centrifuge  the  tube  at  10  K  rpm  for  3  min  then  wick  the  PBS 
solution  out  of  the  tube  with  a  rolled  up  Kimwipe.  Allow  the 
remaining  PBS  solution  to  evaporate  for  2-3  h  by  placing  the 
tube  on  a  37  °C  heating  plate  under  a  hood. 

3.  Add  2  of  0.5  ^g/^L  recombinant  BMP2  protein  in  PBS 
with  0.1  %  BSA  and  4  mM  HC1.  Scrape  beads  off  sides  of  tube 
into  solution  with  a  micropipette  tip.  Soak  in  protein  solution 
for  2-3  h  at  4  °C. 

4.  For  neonate  and  adult,  first  make  a  small  hole  in  the  base  of  the 
nail  with  the  tungsten  needle.  The  hole  should  be  on  the  dor- 
sal side  of  the  digit  (Fig.  5b). 

5.  Spear  a  bead  with  the  tungsten  needle  and  allow  the  bead  to  air 
dry  for  2-3  min  (Fig.  5a).  Push  the  bead  through  the  primed 
hole  and  let  the  needle  sit  for  2-5  s  as  the  bead  re -expands. 

6.  Remove  needle  and  microscopically  check  for  bead  position. 
The  bead  should  sit  distal  to  the  amputated  bone  stump 
(Fig.  5d). 

7.  For  neonates,  start  by  removing  the  fibrin  clot  from  previously 
amputated  digits.  Separate  each  digit  with  forceps.  For  adults, 
start  by  priming  die  digit  with  a  small  hole.  This  is  done  by 
inserting  the  tungsten  needle  direcdy  underneath  the  scar  tis- 
sue distal  to  the  amputated  bone  stump. 

8.  With  an  electrolytically  sharpened  tungsten  needle,  spear  and 
lift  a  bead  out  of  solution  (Fig.  5a).  Alow  the  bead  to  air  dry 
for  2-3  min.  The  bead  should  shrink  to  about  one-half  its 
original  size  (Fig.  5a). 

9.  Push  the  needle  with  the  bead  beneath  the  skin  between  the 
wound  epidermis  and  the  amputated  bone  stump  (Fig.  5c). 
Hold  the  needle  in  place  for  2-5  s.  The  bead  will  rehydrate  and 
expand.  This  will  allow  the  tungsten  needle  to  be  removed 
from  the  digit  leaving  the  bead  in  place. 

10.  Remove  needle  and  macroscopically  check  for  bead  position. 
The  bead  should  sit  beneath  the  wound  epidermis  distal  to  the 
bone  stump  (Fig.  5e).  For  adults,  apply  Dermabond  to  stop 
bleeding. 

The  measurement  and  analysis  of  digit  regeneration  focuses  on  bone 
for  a  couple  reasons:  First,  bone  growth  and  volume  are  easy  to  quan- 
tify without  sacrificing  the  mouse  and  second,  bones  show  patterns 
that  can  also  be  easily  quantified.  The  following  two  procedures  allow 
for  bone  elongation,  pattern  change,  and  volume  analyses. 
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Dried 


Dista  l/NOGGIN 


Proximal/  BMP2 


Fig.  5  Bead  placement.  An  electrically  sharpened  tungsten  needle  can  be  used  to  pierce  the  Cibacron  Blue 
cross-linked  agarose  beads.  When  allowed  to  air  dry,  the  beads  shrink  to  about  1/2  their  original  size  (a).  To 
implant  a  bead  into  a  P3  amputation,  the  needle  is  pushed  through  the  dorsal  side  of  P3  at  the  base  of  the  nail 
(b).  To  implant  a  bead  into  a  P2  amputation,  the  needle  is  pushed  between  the  wound  epidermis  and  the  P2 
bone  stump  (c).  The  final  bead  placement  for  a  P3  amputation  can  be  visualized  in  (d,  asterisk)  and  the  final 
bead  placement  for  a  P2  amputation  can  be  viewed  in  (e,  asterisk),  (d)  Reprinted  with  permissions  [1 4] 


3.3.1    Calcein  1.  First  amputate  digits  and  implant  beads. 

Incorporation  2.  Inject  calcein  (CCN)  intraperitoneally  (7.0  mg/kg  of  body 

weight)  at  a  determined  time  point.  The  fluorochrome  che- 
lates calcium  ions  at  the  surface  of  newly  mineralized  bone. 
Incorporation  produces  a  green  fluorescent  band  along  the 
bone  at  the  time  of  injection.  The  width  of  the  band  is  deter- 
mined by  how  fast  the  tissue  mineralizes  and  how  long  the 
fluorochrome  stays  in  circulation  [23]. 
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3.  Inject  Alizarin  Complexone  intraperitoneally  (50  mg/kg)  five 
prior  to  sacrifice.  This  red  fluorescent  fluorochrome  can  be 
used  in  conjunction  with  calcein  to  identify  all  bone,  both 
existing  and  newly  formed  [24]. 

4.  Sacrifice  the  mouse  and  cut  the  digit  through  the  mid-point  of 
the  first  phalangeal  element  (PI).  Dissect  the  bone  from  the 
skin  and  surrounding  tissue  in  100  %  glycerol. 

5.  Image  the  sample  in  100  %  glycerol  under  a  fluorescent  stereo- 
scope. New  bone  can  be  measured  starting  at  the  calcein- 
labeled  band  to  the  distal  tip  of  the  Alizarin  Complexone 
stained  digit  (Fig.  6b). 


3.3.2    \iCT  1 .  At  desired  time  point,  induce  anesthesia  in  the  mouse  with  3  % 

isoflurane,  1  L/min  flow  rate.  Maintain  sedation  with  2  %  iso- 
flurane  pumped  at  1  L/min  into  the  ^CT  imaging  chamber. 

2.  Position  mouse  on  imaging  chamber  stage  so  that  ventral  pad 
of  paw  is  pointing  toward  the  ceiling.  Tape  each  digit  to  the 
stage  so  that  digits  are  fully  extended  and  immobilized. 

3.  Adult  bone  images  are  acquired  using  the  following  parame- 
ters: 1,000  projections  per  180°,  voxel  resolution  of  10.5  ^m3, 
X-ray  energy  at  55  kV,  and  intensity  at  145  ^A,  integration 
time  at  380  ms  with  continuous  rotation  at  high  resolution  {see 
Note  2  for  neonatal  settings). 

4.  DICOM  images  are  segmented  with  the  BoneJ  "Optimize 
Threshold"  plugin  for  ImageJ  (version  1.45b).  Detailed  vol- 
ume analysis  can  be  carried  out  with  the  BoneJ  "Volume 
Fraction"  plugin  for  ImageJ  [25],  and  3D  images  are  created 
with  the  ImageJ  3D  viewer  [26]  (Fig  6a). 


3.4  Quantification 
of  Cellular  Response 
Using  Double  Staining 
Detection  of  Protein 
and  mRNA 


Cell  type  and  signaling  pathways  involved  in  the  wound  healing/ 
regeneration  process  are  determined  using  immunohistochemistry 
and  in  situ  hybridization  to  detect  specific  cell  markers  and  RNA 
transcripts.  Digoxigenin-conjugated  RNA  probes  are  generated 
and  used  in  conjunction  with  an  anti-digoxygenin  antibody  conju- 
gated to  HRP.  A  tyramide-Alexa-Fluor  conjugate  is  used  as  a  sub- 
strate for  HRP.  A  primary  antibody  against  the  cell  surf  ace  protein 
of  choice  is  also  included.  Alexa-Fluor  secondary  antibodies  are 
used  for  detection.  The  result  is  a  dual  fluorescent  stain  for  a  spe- 
cific RNA  and  a  specific  protein. 


3.4.1  Tissue  Collection,  1.  Sacrifice  the  mouse  at  the  appropriate  time  point  and  collect 
Fixation,  Sectioning  the  digit  tips  by  harvesting  tissue  just  proximal  to  the  P1-P2 

interphalangeal  joint. 

2.  Place  tissue  in  RNAse  free  4  %  paraformaldehyde  at  4  °C  for 
24-48  h.  Decalcification  for  6-8  h  in  a  solution  of  formic  acid 
with  EDTA  is  required  for  mice  older  than  postnatal  day  10. 
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Fig.  6  Bone  growth  and  analysis.  The  regeneration  response  can  be  tracked  following  bead  implantation  with 
(iCT  scans  (a),  calcein/alizarin  complexone  incorporation  (b),  or  combined  RNA  in  situ  hybridization/immuno- 
histochemistry  (c).  (a)  \iCT  shows  the  bone  degradation  and  regrowth  that  occurs  following  a  P3  amputation 
in  an  adult  digit,  (b)  Calcein  is  incorporated  into  newly  forming  bone  at  the  time  of  injection.  Unlabeled  bone 
distal  to  this  band  of  calcein  can  be  identified  as  new  bone  growth  and  measured  (white  bracket)  to  quantify 
growth  in  response  to  the  bead  implant  (asterisk),  (c)  Double  staining  of  protein  and  mRNA  allows  for  a  more 
in  depth  analysis  of  digit  regeneration.  An  RNA  probe  against  Collagen  X  (green)  combined  with  an  antibody 
against  COLLAGEN  II  (red)  helps  identify  the  growth  plate  and  allows  for  easy  tracking  during  the  wound  heal- 
ing response  of  P2.  Blue=  DAPI 


Incubate  digits  in  the  decalcifying  solution  on  a  nutator  to 
reduce  the  formation  of  calcium  crystals. 

3.  Wash  the  tissue  in  clean  water  and  dehydrate  using  a  series  of 
graded  ethanols.  Clear  and  permeabilize  the  tissue  in  xylene, 
and  let  soak  in  liquid  paraffin  for  4-6  h. 

4.  Embed  the  digit  lateral  side  down  in  paraffin.  Prepare  a  water 
bath  with  2  %  Sta-On  solution.  Collect  serial  sagittal  sections 
of  the  digits  at  4-5  um  each.  Let  the  sections  float  on  the  water 
bath  at  42  °C  for  1  min  to  allow  the  tissue  to  flatten  and  coat 
in  Sta-On. 

5 .  Place  tissue  sections  on  positively  charged  glass  slides  and  dry 
horizontally  at  37  °C. 
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3.4.2  Slide  Preparation          1.  Deparaffinize  tissues  in  three  washes  of  Xylenes  and  rehydrate 

through  a  series  of  graded  ethanols  ending  in  RNAse-free 
deionized  water  (see  Note  3). 

2.  Rinse  slides  in  RNAse-free  PBS  with  0.1  %  Tween  20  (PBT). 

3.  Perform  an  antigen  retrieval  step  by  incubating  the  slides  with 
1  ng/mL  Proteinase  K  in  PBT  for  10  min  at  room  temperature. 

4.  Wash  off  Proteinase  K  in  three  changes  of  PBT  for  5  min  each. 

5.  Refk  tissue  in  RNase-free  4  %  PFA  for  20-30  min.  Follow  this 
fixation  with  a  wash  in  three  changes  of  PBT  for  5  min  each. 

6.  Denature  nucleic  acids  in  the  tissue  by  incubating  slides  in  2x 
SSC  pH  4.5  at  room  temperature  for  5  min. 

7.  Dehydrate  the  slides  to  100  %  alcohol  and  let  the  slides  air  dry 
under  a  hood  for  1  h. 

3.4.3  RNA  In  Situ  1 .  Block  nonspecific  binding  sites  with  in  situ  blocking  solution 
Hybridization  for  1  h. 

2.  Perform  hybridization  using  digoxygenin-labeled  RNA  probes: 
1  ng/mL  of  probe  in  100  ^1  of  buffer.  Cover  slides  with  clean 
coverslips  to  prevent  drying  and  let  incubate  in  a  humidified 
chamber  overnight  at  70  °C. 

3.  Wash  off  any  non-bound  probe  in  Buffer  1  at  70  °C  for  30  min. 
Repeat  three  times.  Wash  the  slides  in  Buffer  2  at  65  °C  for 
30  min.  Repeat  three  times.  Finally,  wash  slides  in  TBST  pH 
7.5  at  room  temperature  for  5  min.  Repeat  wash  three  times. 

3.4.4  Immunohisto-  1.  Block  nonspecific  antibody  binding  sites  by  incubating  the 
chemistry  slides  in  a  protein  block  solution  from  Dako  for  1  h. 

2.  Add  primary  antibody  in  Antibody  Diluent  and  incubate  over- 
night at  4  °C  (see  Note  4). 

3.  Wash  off  unbound  antibody  by  running  the  slides  with  PBT 
pH  7.4  for  5  min.  Repeat  three  times. 

4.  Add  anti-digoxigenin  antibody  conjugated  to  HRP  (see  Note  5 ) 
and  incubate  for  1  h. 

5.  Apply  Tyramide — Alexa-Fluor  488  conjugate  as  substrate  for 
HRP.  Wash  three  times  using  PBT  for  5  min. 

6.  Apply  4  ng/mL  secondary  antibody-Alexa-Fluor  488  conju- 
gate in  Antibody  Diluent  and  let  slides  incubate  for  45  min. 
Wash  off  unbound  antibody  with  three  changes  of  PBT  for 
5  min. 

7.  Counterstain  the  nuclei  with  DAPI  diluted  to  2  ng/mL  in  lx 
PBS  for  5  min.  Wash  briefly  in  dH20. 

8 .  Vacuum  dry  and  mount  coverslips  with  Pro  Long  Gold  Antifade 
Reagent. 
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4  Notes 

1 .  The  timeline  of  events  after  an  amputation  will  differ  between 
mouse  strains.  We  have  found  C57/Black6  mice  complete  the 
regeneration  process  more  quicldy  than  CD#1  mice.  We  have 
also  seen  differences  in  timing  between  male  and  female  mice. 

2.  At  postnatal  day  8,  the  neonatal  mouse  has  bone  dense  enough 
for  detection  using  \iCT.  However,  because  the  neonatal  skel- 
eton is  less  dense  than  the  adult,  lower  X-ray  energy  is  used  to 
better  capture  the  soft  tissue.  Therefore  neonatal  parameters 
for  the  ^CT  are  as  follows:  1,000  projections  per  180°,  voxel 
resolution  of  10.5  ^m3,  X-ray  energy  at  45  kV  and  intensity  at 
88  uA,  integration  time  at  380  ms  with  continuous  rotation  at 
high  resolution. 

3.  The  high  temperatures  of  the  hybridization  steps  can  cause 
bone  tissue  to  come  off  the  slides.  To  prevent  this  from  hap- 
pening, slides  can  be  baked  at  60  °C  for  45  min  followed  by 
37  °C  for  48  h  before  deparafhnization. 

4.  The  concentration  of  the  primary  antibody  that  should  be 
added  will  depend  on  the  exact  antibody.  For  Mouse  IgGl 
anti-COLLAGEN  II,  0.2  ug/mL  is  used.  A  secondary  anti- 
body specific  for  mouse  IgGl  and  the  serum-free  blocking  step 
are  crucial  to  minimize  background  staining  against  endoge- 
nous mouse  antibodies. 

5.  The  anti-digoxigenin  antibody  can  be  made  in  a  protein  block 
solution  as  follows:  Add  3  mg  of  mouse  embryo  powder  to 
1  mL  2  %  blocking  reagent  in  PBT.  Incubate  this  solution  for 
30  min  at  70  °C,  vortex  the  solution  for  10  min,  then  store  on 
ice.  Add  100  \iL  of  10  %  HISS,  3  \iL  of  anti-digoxigenin-HRP 
(0.75  U/^L)  and  shake  for  2  h  at  4  °C.  Centrifuge  this  solu- 
tion at  14  K  for  10  min  at  4  °C.  Mix  the  supernatant  with 
5.4  mL  2  %  blocking  reagent  and  0.6  mL  10  %  HISS. 
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Lower  Vibrissa  Follicle  Amputation:  A  Mammalian  Model 
of  Regeneration 

James  M.  Waters  and  Allison  J.  Cowin 


Abstract 

Regeneration  of  damaged  or  lost  cells,  tissues,  and  organs  continues  to  fascinate  and  intrigue  researchers 
with  the  lure  of  creating  beneficial  therapeutics  for  use  in  wound  healing  and  regenerative  medicine. 
However,  unlike  many  other  animals,  wound  healing  in  mammalian  species  typically  proceeds  via  imper- 
fect repair  rather  than  authentic  regeneration  of  tissues.  Here,  we  describe  a  model  of  mammalian  regen- 
eration which  can  be  used  by  researchers  to  investigate  conditions  that  permit  renewal  of  lost  tissue  and 
identify  potential  barriers  to  mammalian  regeneration.  The  methods  describe  the  surgical  procedures  for 
amputation  of  the  lower  third  of  the  whisker  follicle  (vibrissa)  in  the  mouse,  as  well  as  subsequent  isolation 
and  processing  of  the  regenerating  follicles  for  analysis. 

Key  words  Regeneration,  Wound  healing,  Vibrissa,  Hair  follicle 


1  Introduction 

Regeneration  of  damaged  or  lost  tissues  is  an  impressive  trait  of 
many  lower  order  animals  including  vertebrates  such  as  fish  [1] 
and  axolotls  [2].  Significant  insights  into  the  process  and  mecha- 
nisms of  regeneration  across  diverse  species  have  been  largely 
achieved  using  these  traditional  models  of  regeneration  [3]. 
However,  mammals  are  notoriously  poor  at  regenerating  tissues 
following  injury  The  predominating  route  of  mammalian  wound 
healing  is  via  tissue  repair,  resulting  in  scar  formation  with  impaired 
function  at  the  site  of  injury.  Typically,  little  if  any  regeneration  of 
lost  anatomical  structures  occurs.  However,  in  specialized  cases, 
mammals  are  capable  of  limited  regeneration.  Many  researchers 
have  focused  on  these  exceptional  cases  attempting  to  elucidate  the 
factors  promoting  regeneration  rather  than  repair.  Further  insights 
into  the  regenerative  process  and  significant  barriers  to  regenera- 
tion in  mammals  will  undoubtedly  have  important  implications  for 
the  future  of  wound  healing  and  regenerative  medicine. 
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The  hair  follicle,  paradoxically  a  defining  characteristic  of 
mammals,  is  one  such  example  of  a  mammalian  organ  capable  of 
regeneration  following  partial  amputation.  Whisker  follicles  (vibris- 
sae)  of  rats  and  mice  as  well  as  human  hair  follicles  have  remarkable 
regenerative  abilities.  Following  microsurgical  removal  of  up  to 
one-third  of  the  active  lower  follicle,  regrowth  of  all  amputated 
components  essential  for  normal  hair  production  occurs  [4-8]. 
The  regeneration  of  amputated  hair  follicles  proceeds  through  a 
number  of  sequential  but  overlapping  phases,  which  can  be  catego- 
rized into  four  stages:  (1)  the  acute  wound  response,  (2)  cellular 
and  extracellular  reorganization  and  remodeling,  (3)  neogenesis  of 
new  hair  follicle  structures,  and  (4)  differentiation  and  production 
of  the  new  hair  fiber.  This  model  of  regeneration  encompasses 
multiple  processes  from  the  hyperproliferative  acute  wound 
response  to  cellular  and  extracellular  remodeling,  neogenesis  of 
lost  structures  that  mimics  embryological  development,  and  finally 
normal  differentiation  and  cycling  of  the  regenerated  follicle,  mak- 
ing it  a  comprehensive  model  of  wound  healing  and  regeneration. 

This  chapter  aims  to  oudine  the  materials  and  methods  for 
performing  lower  follicle  amputations  and  subsequent  isolation  of 
partial  or  fully  regenerated  follicles  for  further  analysis.  The  meth- 
ods summarized  in  this  chapter  specifically  relate  to  amputation  of 
lower  vibrissae  in  mice.  However,  these  protocols  can  be  simply 
adapted  for  other  rodent  species  including  rats.  We  have  described 
the  process  for  mice  due  to  the  many  advantages  of  working  with 
mice,  including  the  availability  of  numerous  transgenic  mouse 
models  which  may  be  utilized  to  further  elucidate  the  processes  of 
regeneration. 

Mice  of  comparable  age,  weight,  sex,  and  genetic  background 
should  be  used  when  feasible  to  minimize  confounding  factors  and 
maximize  reproducibility  of  independent  experiments.  The  ampu- 
tation protocol  outlined  in  this  chapter  begins  with  incisions  being 
made  with  fine  scissors  posterior  to  the  whisker  pads  of  anesthetized 
mice,  creating  a  free  flap  which  is  then  reflected  to  reveal  the  deep 
structures  of  the  vibrissae.  The  connective  tissue  is  then  carefully 
removed  from  around  the  end  bulbs  of  vibrissae  using  fine  forceps, 
and  the  lower  third  of  the  follicle  containing  essential  hair-forming 
structures  is  transected  using  microscissors.  Hair  fibers  are  then 
plucked  from  the  follicle,  the  whisker  pad  is  sutured  back  into  place, 
and  the  mice  are  allowed  to  recover  in  normal  housing  conditions 
with  general  health  monitoring.  Mice  typically  cope  well  following 
the  procedure  with  normal  feeding  and  habits  quicldy  resumed. 

Mice  can  be  killed  at  desired  time  points  to  coincide  with  the 
chosen  stage  of  the  regeneration  process.  We  have  described  the 
protocol  for  isolating  experimental  follicles  and  embedding  them 
for  histological  and  immunological  analysis.  However,  other  meth- 
ods for  analyzing  the  regeneration  process  could  be  utilized, 
including  immuno blotting  or  various  gene  expression  techniques. 
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Even  though  lower  follicle  amputation  has  been  around  for 
more  than  four  decades,  it  has  been  underutilized  as  a  model  for 
studying  mammalian  regeneration.  Currently,  only  one  study  has 
utilized  transgenic  animals  to  assess  the  influence  of  modified  gene 
expression  on  regeneration  of  vibrissae  [9].  That  study  looked  at 
the  influence  of  Flightless  I  (FLU)  on  regeneration  and  found  that 
in  contrast  to  its  negative  influence  on  wound  healing  [10],  it  posi- 
tively regulated  regeneration.  Our  hope  is  that  more  researchers 
will  use  these  methods  to  investigate  mammalian  regeneration  and 
increase  the  body  of  knowledge  available  to  current  and  future 
researchers. 


2  Materials 


Appropriate  care  and  adequate  personal  protective  equipment 
should  be  used  when  preparing,  using,  and  disposing  of  all  materi- 
als and  solutions.  Disposal  of  all  waste  materials  should  follow  rel- 
evant regulations  and  guidelines.  Many  of  the  materials  required 
for  amputation  of  vibrissae  end  bulb,  the  subsequent  isolation  of 
experimental  follicles,  and  embedding  of  experimental  follicles  are 
shown  in  Fig.  1 . 


2.1  Amputation  of 
Vibrissae  End  Bulbs 


1.  Anesthetic  agents:  Combination  ofmedetomidine  (Dormitor®, 
stock  concentration  of  1  mg/mL)  and  ketamine  (stock  con- 
centration of  100  mg/mL)  to  be  given  at  a  final  dose  of  1  and 
75  ng/g  body  weight,  respectively.  Immediately  prior  to  use, 
add  200      of  Dormitor®  and  150      of  ketamine  to  650 

of  sterile  saline  solution  (0.9  %  w/v),  and  mix  carefully  by 
inversion.  This  1  mL  solution  will  suffice  for  six  30  g  mice. 

2.  Single-use  syringes  with  needles. 

3.  Iodine  solution  (Riodine™),  Povidone -Iodine  solution 
(10  %  w/v)  equivalent  to  1  %  available  iodine. 

4.  Dissecting  stereomicroscope. 

5.  Light  source. 

6.  Electric  heat  pad. 

7.  Disposable  protective  surgical  mat. 

8.  Surgical  instruments: 

(a)  Forceps. 

(b)  Iris  scissors. 

(c)  Hemostat  clamp. 

(d)  Microforceps  (pattern  #4  and/or  #5). 

(e)  Microdissecting  scissors. 

9.  Sterile  saline  solution  for  injection  (0.9  %  w/v). 
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Fig.  1  Instruments  and  equipment  required  for  amputation  of  follicle  end  bulbs, 
and  subsequent  isolation  and  embedding  of  experimental  follicles.  From  feffto 
right  (Front  rovtf):  Electric  heat  pad,  disposable  protective  surgical  mat,  Tissue- 
Tek®  O.C.T.  embedding  compound,  Tissue-Tek®  cryomolds  (small),  tissue  biopsy 
cassettes  (small)  with  foam  inserts  (shown  with  a  drop  of  saline  on  the  foam 
insert).  (Second  roW):  Forceps,  iris  scissors,  hemostat  clamp,  microforceps  (pat- 
tern #4  and  #5),  microdissecting  scissors,  sterile  saline  solution  for  injection 
(0.9  %  w/v),  sutures.  (Third  rovtf):  Iodine  solution,  ketamine,  Dormitor®, 
Antisedan®,Temgesic®,  single-use  syringes  with  needles.  (Backrovi):  Dissecting 
stereomicroscope,  light  source 

10.  Sutures. 

11.  Anesthetic  reversal  agent:  Atipamezole  (Antisedan®,  stock 
concentration  of  5  mg/mL)  to  be  given  at  a  final  dose  of 
1  ng/g  body  weight.  Immediately  prior  to  use,  add  50  of 
Antisedan®  to  950       of  sterile  saline  solution  (0.9  %  w/v), 
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2.2  Isolation  of 
Treated  Follicles 


2.3  Embedding 
Treated  Follicles 
for  Histology  and 
Immunological 
Analysis 


and  mix  carefully  by  inversion.  This  1  mL  solution  will  suffice 
for  six  30  g  mice. 

12.  Analgesic:  Buprenorphine  (Temgesic®,  stock  concentration  of 
300  ng/mL)  to  be  given  at  a  final  dose  of  0.05  ng/g  body 
weight.  Immediately  prior  to  use,  add  42  of  Temgesic®  to 
958  of  sterile  saline  solution  (0.9  %  w/v),  and  mix  carefully 
by  inversion.  This  1  mL  solution  will  suffice  for  six  30  g  mice. 

1.  Carbon  dioxide. 

2.  Ethanol  (70  %  v/v). 

3.  Dissecting  stereomicroscope. 

4.  Light  source. 

5.  Surgical  instruments: 

(a)  Forceps. 

(b)  Iris  scissors. 

(c)  Hemostat  clamp. 

(d)  Microforceps  (pattern  #4  and/or  #5). 

6.  Sterile  saline  solution  (0.9  %  w/v). 

Paraffin  embedding 

1.  Tissue  biopsy  cassettes,  small,  with  foam  inserts. 

2.  Sterile  saline  solution  (0.9  %  w/v). 
3.10%  buffered  formalin. 

4.  Dehydration  solvents  (ethanol— 70,  90,  95,  and  100  %). 

5.  Clearing  agent  (xylene). 

6.  Paraffin  wax  (molten). 

7.  Wax  embedding  mold. 

8.  Dissecting  stereomicroscope. 

9.  Light  source. 
10.  Microforceps. 

Cryogenic  embedding 

1.  Tissue  Tek®  cryomold®,  small,  disposable  specimen  molds. 

2.  Embedding  medium  for  frozen  tissue  specimens,  Tissue  Tek® 
O.C.T.  compound. 

3.  Dissecting  stereomicroscope. 

4.  Light  source. 

5.  Microforceps. 

6.  Liquid  nitrogen,  dry  ice,  or  -80  °C  freezer. 
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3  Methods 


All  procedures  to  be  performed  involving  animals  must  first  be 
approved  by  relevant  animal  welfare,  ethics,  and  biosafety  regula- 
tory bodies. 


2.  Administer  the  appropriate  dose  (5  per  gram  body  weight 
of  pre-diluted  working  solution;  see  Subheading  2.1,  item  1) 
of  anesthetic  by  intraperitoneal  injection.  Return  animal  to 
cage  in  isolation  while  the  anesthetic  takes  effect. 

3.  Once  the  mouse  is  fully  anesthetized,  place  on  its  side  on  the 
heated  pad  with  a  single  whisker  pad  in  the  dissecting  micro- 
scope field  of  view  {see  Note  1). 

4.  Using  the  dissecting  microscope,  locate  the  two  or  the  three 
most  posterior  columns  of  follicles,  then  identify,  and  record 
follicles  which  are  in  the  anagen  phase  of  the  hair  cycle  {see 
Notes  2  and  3,  Fig.  2a,  b). 

5 .  Swab  the  whisker  pad  with  iodine  solution  taking  care  to  avoid 
delicate  tissues  including  the  eye  and  nasal  cavities,  remove 
excess,  and  allow  them  to  dry  {see  Note  4). 

6.  Using  the  iris  scissors,  make  an  incision  parallel  but  posterior 
to  the  most  posterior  column  of  follicles  (column  A  and 
Fig.  2c).  Then  slightly  extend  the  opening  at  right  angles  to 
the  first  incision,  ventral  to  the  column  A  follicles. 

7.  Using  the  hemostat  clamp  reflect  the  whisker  pad  to  expose 
the  deepest  surface  {see  Note  5,  Fig.  2d). 

8.  While  the  whisker  pad  is  reflected,  keep  the  internal  tissues 
hydrated  by  occasional  irrigation  with  saline. 

9.  Carefully  loosen  the  connective  tissue  surrounding  each  folli- 
cle of  interest  using  the  pointed  tips  of  the  fine  forceps  (No.  4 
and  No.  5)  to  expose  the  end  bulb  and  lower  regions  of  the 
follicles  {see  Note  6,  Fig.  2e). 

10.  Amputate  the  lower  section  of  the  follicles  which  includes  the 
end  bulb.  Make  the  transverse  cut  using  microscissors  below 
the  site  of  innervation,  leaving  the  nerve  intact  {see  Notes  7 
and  8,  Fig.  2f,  i-k). 

1 1 .  Once  the  lower  portions  of  all  target  follicles  have  been  ampu- 
tated, return  the  whisker  pad  flap  to  its  original  position.  Pluck 
both  the  growing  and  club  fibers  of  amputated  follicles  {see 
Note  9,  Fig.  2g,  k). 

12.  Suture  the  whisker  pad  flap  back  into  place,  taking  care  to 
avoid  placing  the  suture  needle  too  close  to  the  follicles 


3.1  Amputation  of 
Vibrissae  End  Bulbs 


1 


Weigh  and  check  general  health  of  all  mice. 


(Fig.  2h). 
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Fig.  2  Procedure  for  amputation  of  follicle  end  bulbs,  (a  and  b)  Appropriate  follicles  are  identified  and  their 
coordinate  recorded,  (c)  An  incision  is  made  posterior  to  the  whisker  pad,  parallel  to  the  first  column  of  follicles, 
(d)  The  whisker  pad  is  reflected  to  reveal  follicle  end  bulbs  (e,  arrows),  (f)  End  bulbs  are  amputated  below  the 
nerve  using  microscissors,  (g)  The  whisker  pad  is  replaced  and  the  hair  fibers  plucked  from  wounded  follicles, 
before  closing  the  surgical  wound  (h).  (i  and  j)  An  isolated  mid-anagen  mouse  vibrissa  follicle  and  nerve 
(arrowhead)  are  shown  to  clearly  demonstrate  the  correct  site  for  amputation,  (k)  Amputated  end  bulb  and 
plucked  fibers.  (I)  Amputated  end  bulb  components  include  epithelial  matrix  (m),  dermal  papilla  (dp),  and 
attached  dermal  sheath  (ds),  and  the  collagen  capsule  (c) 


13.  Administer  the  appropriate  dose  (4  \iL  per  gram  body  weight 
of  pre -diluted  working  solution;  see  Subheading  2.1,  item  11) 
of  anesthetic  reversal  agent  and  place  the  animal  in  a  suitable 
environment  to  recover. 

Appropriate  doses:  4  \iL  per  gram  body  weight  of  pre-diluted 
worldng  solution  (Subheading  2.1,  item  12)  of  analgesic  should 
be  administered  immediately  post  surgery  and  subsequendy  if 
required. 

3.2   Isolation  of  The  reconstitution  of  lower  follicles  is  a  complex  progression  of 

Treated  Follicles  multiple  overlapping  phases  of  regeneration.  A  guide  to  the  stages 

of  regeneration  has  been  previously  described  in  rat  vibrissae  [7], 
which  in  the  authors  experience  correlate  well  with  mice  vibrissae. 
Briefly,  the  four  phases  and  approximate  timing  for  the  regenera- 
tion process  consist  of  the  following:  stage  1 — an  acute  wound 
healing  response  lasting  up  to  6  days  post  amputation,  stage  2 — 
remodelling  of  cellular  and  extracellular  components  of  the  lower 
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follicle  (days  7-10  post  amputation),  stage  3 — development  of 
new  follicle  structures  including  the  dermal  papilla  (days  11-16 
post  amputation),  and  stage  4 — differentiation  and  growth  of  the 
new  hair  fiber  (from  day  17  onwards).  Examples  of  histological, 
longitudinal  sections  of  regenerating  follicles  in  each  of  these  stages 
are  shown  in  Fig.  3.  These  time  points  should  be  used  as  a  guide 
only,  as  variation  in  timing  of  the  stages  of  regeneration  is  expected. 

1.  Prepare  and  label  the  tissue  biopsy  cassettes  and/or  cryomolds 
prior  to  follicle  isolation  (see  Notes  12  and/or  14)  to  avoid 
delays  once  the  follicles  have  been  isolated. 

2.  Kill  mice  painlessly  by  carbon  dioxide  asphyxiation  followed  by 
cervical  dislocation. 

3.  Using  the  dissecting  microscope,  locate  the  follicles  which 
were  previously  amputated  and  record  the  presence  or  the 
absence  of  new  hair  fiber(s)  visible  externally  (see  Note  10). 

4.  Swab  the  whisker  pad  with  70  %  ethanol,  remove  excess,  and 
allow  to  dry. 

5.  Using  the  iris  scissors,  make  an  incision  parallel  but  posterior 
to  the  original  incision.  Then  slighdy  extend  the  opening  at 
right  angles  to  the  first  incision,  ventral  to  the  original  incision 
(^eNote  11). 

6.  Using  the  hemostat  clamp  reflect  the  whisker  pad  to  expose 
the  deepest  surface. 

7.  While  the  whisker  pad  is  reflected,  keep  the  internal  tissues 
hydrated  by  occasional  irrigation  with  saline. 

8 .  Carefully  loosen  the  connective  tissue  surrounding  a  follicle  of 
interest  using  fine  forceps  (No.  4  and  No.  5)  to  isolate  and 


Fig.  3  Stages  of  vibrissa  regeneration.  Stage  1  (day  4) — acute  wound  healing  response  with  epithelial  out- 
growth below  the  site  of  amputation  and  downward  movement  of  dermal  sheath  cells.  Stage  2  (day  8) — 
remodelling  of  cellular  and  extracellular  components  of  the  lower  follicle  with  regression  of  the  epithelial 
outgrowth.  Stage  3  (day  1 4) — development  of  new  follicle  structures  including  the  dermal  papilla.  Stage  4  (day 
25) — differentiation  and  growth  of  the  new  hair  fiber.  Scale  bars  =  50  urn 
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expose  the  entire  follicle,  including  the  site  of  attachment  to 
the  interfollicular  skin  (infundibulum). 

9.  Remove  the  entire  follicle  by  using  iris  scissors  to  cut  around 
the  circumference  of  the  follicle  opening.  Alternatively,  use  the 
fine  forceps  (No.  4)  to  pinch  the  most  superficial  region  of  the 
follicle  and  remove  by  plucking  the  tissue  from  the  surround- 
ing skin.  Although  quicker  and  easier,  plucking  whole  follicles 
in  this  way  may  result  in  damage  to  the  infundibulum  and 
nearby  structures. 

10.  Proceed  without  delay  to  embedding  treated  follicles. 

Repeat  steps  7-10  for  all  target  follicles  in  the  whisker  pad. 

3.3   Embedding  The  analysis  of  regenerating  and  regenerated  follicles  will  be  guided 

Treated  Follicles  for  by  the  interests  and  preferences  of  individual  researchers.  Specific 
Histology  and  details  regarding  the  most  favorable  conditions  for  sectioning, 

Immunological  post-sectioning  fixation,  antigen  retrieval,  antibody  concentra- 

Analysis  tions,  etc.  should  be  determined  by  end  users.  Below  are  some 

general  methods  for  fixation,  orienting,  and  embedding  of  follicles 

in  either  paraffin  or  cryogenic  material. 

Paraffin  embedding 

1.  Place  isolated  follicles  in  tissue  processing  cassettes  lined  with 
foam  inserts  (see  Note  12). 

2.  Fix  tissue  in  10  %  buffered  formalin  solution  for  up  to  24  h. 

3.  After  fixation,  transfer  cassettes  to  70  %  ethanol.  Cassettes  can 
be  stored  temporarily  at  this  point  or  processed  immediately. 

4.  Proceed  with  tissue  processing  by  dehydrating  the  tissue  by 
serial  incubation  in  increasing  concentrations  of  ethanol,  fol- 
lowed by  clearing  agent  (xylene),  and  then  infiltration  with 
molten  paraffin  (see  Note  13). 

5.  Using  the  dissecting  microscope  and  a  heated  work  surface, 
position  the  follicle  in  the  embedding  mold  using  fine  for- 
ceps in  an  appropriate  orientation  for  longitudinal  section- 
ing. If  orientation  for  transverse  sectioning  is  desired,  transfer 
the  mold  to  a  non-heated  surface  until  the  paraffin  begins  to 
solidify,  and  then  place  the  follicle  on  its  end  into  the  solidi- 
fying paraffin  using  fine  forceps  until  it  is  retained  without 
assistance. 

6.  Carefully  transfer  to  a  refrigerated  work  surface  to  solidify  the 
base  of  the  paraffin  block  containing  the  follicle  and  quickly 
place  the  identifying  component  of  the  plastic  biopsy  cassette 
into  the  mold  before  the  paraffin  has  completely  solidified. 

7.  Tissue  samples  embedding  in  paraffin  can  be  stored  indefinitely 
at  room  temperature. 
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Cryogenic  embedding 

1.  Add  a  small  amount  of  Tissue-Tek®  O.C.T.  compound  to  the 
Tissue-Tek®  cryomold  (see  Note  14). 

2.  Place  the  freshly  isolated  follicle  in  the  center  of  the 
cryomold. 

3.  Fill  the  cryomold  with  Tissue-Tek®  O.C.T.  compound. 

4.  Using  the  dissecting  microscope  and  fine  forceps,  position  the 
follicle  in  the  cryomold  in  an  appropriate  orientation  for 
sectioning. 

5 .  Carefully  transfer  the  cryomold  to  the  surface  of  a  small  amount 
of  liquid  nitrogen  or  a  piece  of  dry  ice  to  snap  freeze  the  O.C.T. 
embedded  sample  (see  Note  15). 

6.  Store  frozen  samples  at  -80  °C  until  required  for 
cryosectioning. 


4  Notes 

1.  Only  one  whisker  pad  per  animal  should  be  used.  This  places  a 
reduced  burden  on  each  animal  and  allows  the  intact  whisker 
pad  to  be  used  as  an  untreated  control.  Right-handed  opera- 
tors may  find  that  using  the  left  whisker  pad  allows  for  efficient 
retraction  using  their  left  hand  while  their  dominant  hand 
remains  available  for  isolation  and  amputation  of  follicle  end 
bulbs. 

2.  A  convenient  identification  system  for  whisker  follicles  has 
been  described  by  Oliver  [4],  which  labels  columns  of  follicles 
running  dorsoventrally  alphabetically,  starting  with  the  most 
posterior  (column  A)  and  continuing  anteriorly.  It  also  labels 
the  rows  of  follicles  running  along  the  antero-posterior  axis 
numerically,  starting  with  the  most  dorsal  (row  1)  and  con- 
tinuing ventrally  (Fig.  2a). 

3.  Anagen  follicles  can  be  easily  identified  by  the  presence  of  two 
fibers  emerging  from  a  single  follicle.  The  longer  of  the  two  is 
the  terminal  or  club  fiber,  and  the  shorter  fiber  is  the  actively 
growing  (anagen)  fiber.  Mid-anagen  follicles,  which  have  the 
growing  fiber  between  one-  and  two-thirds  of  the  club  fiber 
length,  should  be  chosen  for  amputation  to  standardize 
experiments. 

4.  Do  not  substitute  70  %  ethanol  for  iodine  solution  at  this  point 
as  accidental  exposure  of  the  delicate  tissues  including  those  in 
the  nasal  cavity  can  cause  serious  irritation  and  even  breathing 
difficulties  for  the  animal. 

5.  If  effective  retraction  is  not  achieved  at  this  point  you  can 
slightly  extend  the  initial  incision  to  allow  increased  exposure 
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of  the  follicles.  However,  care  should  be  taken  to  keep  the 
surgical  wound  to  the  minimum  required. 

6.  Mechanical  manipulation  of  the  external  fibers  with  forceps 
will  result  in  visible  mobility  of  the  internal  follicle  structure 
and  can  be  used  to  confirm  the  position  of  target  follicles. 

7.  Amputating  the  follicle  above  the  site  of  innervation  will  not 
result  in  regeneration  of  the  lower  follicle  structures.  A  simple 
wound  repair  process  will  occur  and  no  new  hair  fibers  will 
result.  This  type  of  non-regenerating  amputation  can  be  used 
as  a  control  to  contrast  with  regenerating  follicles. 

8.  Amputated  lower  follicles  can  be  fixed  and  sectioned  for  histo- 
logical confirmation  of  complete  amputation  of  all  end  bulb 
structures  including  the  apex  of  the  dermal  papilla. 

9.  Fibers  should  slide  easily  out  of  the  follicle  with  litde  or  no 
resistance  when  plucked.  If  resistance  is  felt  when  plucking, 
check  that  the  correct  follicle  has  been  amputated  by  manipu- 
lation of  the  fibers  {see  Note  6). 

10.  Regenerated  fibers  are  unlikely  to  be  visible  externally  within 
the  first  3  weeks  following  amputation. 

11.  Larger  incisions  than  those  used  during  the  amputation  sur- 
gery are  possible  at  this  point  to  help  with  subsequent  reflec- 
tion of  the  flap  and  to  avoid  excessive  stretching  of  the  skin  and 
follicles. 

12.  Placing  a  droplet  of  saline  on  the  foam  inserts  prior  to  follicle 
isolation  can  help  the  placement  of  the  follicle  into  the  cassette 
and  prevent  desiccation  of  the  tissue.  The  foam  inserts  are 
essential  for  preventing  small  tissues  from  exiting  the  cassette 
during  processing. 

13.  Automatic  tissue  processors  can  be  programmed  using  the  fol- 
lowing schedule  as  a  guide:  one-hour  incubations  in  70  %  etha- 
nol  twice,  90  %  ethanol,  95  %  ethanol,  100  %  ethanol  twice, 
xylene  twice,  and  then  finally  in  molten  paraffin  twice.  Do  not 
keep  the  tissue  in  molten  paraffin  for  too  long  as  the  tissues  will 
become  hard  and  brittle  when  sectioning.  Other  schedules 
may  work  equally  well  but  should  be  evaluated  by  end  users. 

14.  Care  should  be  taken  to  avoid  introducing  air  bubbles  to  the 
cryomold  when  dispensing  O.C.T.  compound  as  this  can  lead 
to  cracking  of  the  sample  upon  freezing  and  cause  difficulties 
when  cryosectioning. 

15.  A  stable,  flat  surface  within  a  -80  °C  freezer  is  a  reasonable 
alternative  to  liquid  nitrogen  or  dry  ice  as  the  small  size  of 
individual  samples  means  that  they  will  still  freeze  reasonably 
quicldy. 
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Chapter  26 


Using  Drosophila  Larvae  to  Study  Epidermal  Wound 
Closure  and  Inflammation 

Sirisha  Burra,  Yan  Wang,  Amanda  R.  Brock,  and  Michael  J.  Galko 


Abstract 

This  methods  chapter  describes  two  methods  for  creating  epithelial  wounds  in  Drosophila  larvae:  pinch  and 
puncture  wounding.  It  also  covers  protocols  for  visualizing  epithelial  wounds,  either  in  a  dissected  whole 
mount  preparation  or,  using  transgenic  reporter  larvae,  in  a  live  whole  mount  preparation.  Finally,  useful 
transgenic  lines  for  live  genetic  screening  of  genes  required  for  wound  closure  or  inflammation  are 
described. 

Key  words  Drosophila,  Genetic  screening,  Wound  healing,  Inflammation,  Transgenic  reporters 


1  Introduction 

Traditionally,  wound  healing  has  been  studied  using  clinical 
patient  samples  or  vertebrate  models  where  the  tissue  architecture 
of  the  skin  and  dermis  resembles  more  closely  that  of  humans  [  1  ] . 
Further,  these  models  have  other  substantial  advantages,  including 
similar  phases  of  repair  and  diversity  of  wound-responsive  cell 
types  (especially  in  the  immune  system  that  mediates  the  wound- 
induced  inflammatory  response).  Despite  these  advantages,  rapid 
and  unbiased  discovery  of  new  wound  closure  genes  remains  a 
challenge  in  vertebrate  systems  due  to  the  cost  and  time  involved 
in  performing  large-scale  genetic  screens  with  complicated  physi- 
ological readouts  [2]. 

Due  to  its  substantial  advantages  for  genetic  analysis  [3],  in 
recent  years  a  number  of  groups  have  begun  to  use  the  fruit  fly, 
Drosophila  melanogaster,  to  model  various  phases  of  both  embryonic 
[4,  5]  and  postembryonic  wound  healing  [6-9].  Here  we  focus  on 
the  use  of  Drosophila  larvae  to  genetically  dissect  wound-induced 
epidermal  cell  migration  and  blood  cell  recruitment.  Although  the 
wormlike  larvae  are  a  provisional  stage  of  the  Drosophila  life  cycle 
(sandwiched  between  embryogenesis  and  the  metamorphic  events 
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that  shape  the  adult  fly)  they  contain  fully  differentiated  epidermal 
and  innate  immune  cells  and  should  thus  be  regarded  as  a  useful 
model  of  postembryonic  wound  repair. 

The  Drosophila  larval  epidermis  is  composed  of  a  monolayer  of 
terminally  differentiated  epidermal  cells  that  are  functionally  equiv- 
alent to  vertebrate  keratinocytes  in  that  they  form  the  barrier 
epidermis  and  secrete  a  cuticle  that  is  molecularly  distinct  from, 
but  functionally  similar  to,  the  stratum  corneum  of  vertebrate  skin. 
These  epidermal  cells  are  separated  from  the  underlying  hemo- 
lymph  (blood)  of  the  larval  open  circulatory  system  by  a  basal  lam- 
ina. This  hemolymph  contains  three  major  types  of  blood  cells  that 
comprise  a  robust  innate  immune  system  [10].  Each  blood  cell 
type  is  wound  responsive  [6,  7, 11,  12].  Although  the  tissue  archi- 
tecture of  fly  larvae  is  substantially  different  from  vertebrates  (there 
is  no  dermis,  the  epidermis  is  a  non-proliferative  monolayer,  and 
there  are  fewer  blood  cell  types  and  no  lymphocyte-mediated  adap- 
tive immunity)  the  Drosophila  system  trades  a  somewhat  less  famil- 
iar set  of  wound-responsive  cells  for  power  and  ease  of  genetic 
dissection.  Furthermore,  the  migration  of  epidermal  cells  to  close 
the  wound  gap  bears  significant  similarities  to  the  same  process 
observed  during  re-epithelialization  in  vertebrates. 

Here,  we  describe  two  methods  for  creating  physical  wounds 
to  the  epidermis  of  Drosophila  larvae:  pinch  and  puncture  wound- 
ing (for  schematic  of  wounding  and  subsequent  visualization,  see 
Fig.  la).  Pinch  wounding  creates  a  gap  in  the  epidermal  sheet  but 
leaves  the  overlying  cuticle  barrier  intact,  thus  resulting  in  a  sterile 
wound.  These  wounds  provoke  a  robust  inflammatory  response 
and  heal  over  a  24-h  period  through  a  process  of  directed  cell 
migration  (Fig.  lb).  Puncture  wounding,  by  contrast,  breaches 
both  the  cuticle  and  epidermis.  Although  the  puncture  wounds  are 
smaller  and  heal  faster  (~8  h),  they  are  not  sterile  and  result  in  a 
robust  coagulation  response  and  epidermal  cell-cell  fusion  (Fig.  lc) 
at  the  puncture  site.  In  practice,  pinch  wounds  are  substantially 
more  useful  for  studying  both  epidermal  cell  migration  and  blood 
cell  recruitment  since  there  is  no  melanized  scab  to  obscure  one's 
view  of  the  epidermis.  In  addition  to  these  wounding  procedures 
we  also  describe  genetic  tools  and  mounting  techniques  appropri- 
ate for  visualizing  epidermal  tissue  damage  and  recruitment  of 
circulating  blood  cells  in  both  live  animals  and  in  dissected,  fixed, 
and  immunostained  whole  mounts.  See  Table  1  for  summary  of 
reporters  and  antibodies  useful  for  visualizing  epidermal  wounds  in 
Drosophila  larvae. 

The  advantage  of  immunostaining  is  that  it  affords  a  clearer 
visualization  of  the  epidermal  morphology  and  is  applicable  to 
virtually  any  mutant  genotype.  Immunostaining,  however,  is  a 
fairly  tedious  method  involving  manual  dissection  of  the  larval  epi- 
dermis and  a  multiday  staining  procedure.  Therefore,  it  would  be 
difficult  to  employ  this  technique  for  high-  or  medium-throughput 
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Fig.  1  Two  methods  for  epidermal  wounding  of  Drosophila  larvae,  (a)  Schematic  representation  of  wounding 
and  mounting  of  Drosophila  larvae.  The  left  illustration  depicts  the  dorsal  side  of  the  Drosophila  larvae,  where 
the  dorsal  tracheal  trunks  connecting  the  anterior  and  posterior  spiracles  are  clearly  visible.  Typically,  the  A4 
segment  of  the  Drosophila  larva  is  chosen  for  wounding.  The  epidermal  wounds  can  be  visualized  either  by 
live  imaging  [upper  right)  when  reporter  lines  are  used  or  by  dissecting  the  larval  epidermis  and  immunos- 
taining  for  appropriate  markers  [lower  right).  Numbers  on  dissected  larva  indicate  the  order  in  which  pins 
should  be  inserted  during  dissections  [see  Subheading  3.6).  (b)  Dissected  epidermal  whole  mounts  of  control 
or  pinch-wounded  larvae  stained  for  Fasciclin  III  [red)  at  the  indicated  times  after  wounding.  Larvae  are  of 
genotype  w;;Pxn-Gal4,  UAS-GFP/+.  The  GFP-expressing  hemocytes  are  stained  with  anti-GFP  [green)  anti- 
body and  the  rapid  accumulation  of  hemocytes  at  the  wound  site  can  be  seen.  At  24  h  after  wounding,  the 
wound  gap  is  completely  closed  as  observed  through  Fasciclin  III  staining.  Scale  bar  100  urn  (adapted  from 
Babcock  et  al.  [17],  Copyright  ©  2008  by  The  National  Academy  of  Sciences  of  the  USA),  (c)  Dissected  epi- 
dermal whole  mounts  of  control  or  puncture-wounded  w;  e22c-Gal4,  UAS  DsRed2-Nuc/+  larvae  stained  with 
anti-Fasciclin  III  [green).  Scab  formation  and  epidermal  cell-cell  fusion  around  the  scab  [arrowhead)  can  be 
seen.  Scale  bar  100  urn 
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Table  1 

Transgenic  lines  and  antibodies  used  to  label  blood  cells  and  epidermis  in  Drosophila  larvae 


Tissue  of  interest 

Antibodies 

Direct  labels 

Gal4/UAS  labels 

Blood  cells  (plasmatocytes) 

(X-Pla 

Pxn-Gal4>GFPc 
HmlA-Gul4>GFP! 

Epidermis 

a-Fas  IIP 

FasIII-GFPc 
Nrg-GFPA 

A58-Reporters 
e22c-Reporters 

Both 

Nrtj-GFP 
Pxn-Gal4, 
UAS-GFPh 

"Kurucz  E  et  al.,  Nimrod  a  putative  phagocytosis  receptor  with  EGF  repeats  in  Drosophila  plasmatocytes.  Curr  Biol. 
2007  Apr  3;17(7):649-54 

bPatel  NH  et  al.,  Characterization  and  cloning  of  fasciclin  III:  a  glycoprotein  expressed  on  a  subset  of  neurons  and  axon 
pathways  in  Drosophila.  Cell.  1987  Mar  27;48(6):975-88 

'Hudson  AM  et  al.,  Mononuclear  muscle  cells  in  Drosophila  ovaries  revealed  by  GFP  protein  traps.  Dev  Biol.  2008  Feb 
15;314(2):329^0 

dMorin  X  et  al.,  A  protein  trap  strategy  to  detect  GFP-tagged  proteins  expressed  from  their  endogenousloci  in 
Drosophila.  Proc  Natl  Acad  Sci  USA.  2001  Dec  18;98(26):  15050-5 

eStramer  B  et  al.,  Live  imaging  of  wound  inflammation  in  Drosophila  embryos  reveals  key  roles  for  small  GTPases  dur- 
ing in  vivo  cell  migration.  I  Cell  Biol.  2005  Feb  14;168(4):567-73 

'Chew  SKet  al.,  The  apical  caspase  drone  governs  programmed  and  unprogrammed  cell  death  in  Drosophila.  Dev  Cell. 
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genetic  screening.  An  alternative  approach  is  to  use  wound  reporter 
lines  to  accelerate  and  simplify  wound  visualization.  These  report- 
ers mostly  employ  the  Gal4/UAS  system  for  tissue -specific  ectopic 
transgene  expression  [13]  (Fig.  2a)  to  express  membrane-  and 
nuclear-localized  fluorescent  proteins  in  either  the  epidermis  or  the 
blood  cells  (Table  1)  and  can  be  used  to  quickly  visualize  wound 
morphology  in  live  larvae  (Fig.  2b,  c).  Due  to  the  rapidity  of  visu- 
alization and  the  fact  that  they  can  be  combined  with  near-whole- 
genome  screening  technologies  [14, 15],  the  wound  reporter  lines 
can  be  used  for  medium-throughput  genetic  screening.  The  trade- 
off is  that  the  visualization  of  wound  morphology  is  not  as  detailed 
in  the  live  preparation.  Regardless  of  the  visualization  method 
used,  the  larvae  can  be  analyzed  24  h  after  epidermal  wounding 
(when  the  epidermal  wound  gaps  are  typically  closed  in  controls) 
or  can  be  analyzed  at  intermediate  time  points  to  observe  the 
dynamics  of  cell  migration/elongation  as  closure  progresses. 

We  expect  that  these  detailed  protocols  for  both  wounding 
and  wound  visualization  will  be  useful  for  vertebrate  wound  heal- 
ing researchers  who  wish  to  quicldy  test  the  function  of  orthologs 
of  their  favorite  genes  (or  interactors  with  these  genes)  in  the 
Drosophila  system.  Such  a  strategy  allows  a  rapid  assessment  of 
whether  the  gene  is  important,  either  for  epidermal  wound  closure 
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Fig.  2  Application  of  the  Gal4-UAS  system  for  live  imaging  of  wound  responses  and  genetic  screening,  (a) 
A  schematic  overview  of  the  Gal4-UAS  system  in  Drosophila.  When  flies  (females  shown  here)  carrying  a 
tissue-specific  Gal4  driver  are  crossed  to  flies  (males  shown  here)  with  a  transgene  under  UAS  control  (for 
example,  UAS-GeneXRm  or  UAS-GFF),  progeny  containing  both  genetic  elements  are  produced  leading  to 
expression  of  the  UAS-transgene  in  the  tissues  that  express  Gal4.  (b)  Live  whole  mounts  of  the  pinch-wounded 
larval  progeny  obtained  after  mating  w;  e22c-Gal4,  UASsrc-GFP,  UAS DsRed2-Nuc/+  (e22c-reporter)i\\es  with 
either  wm8  [middle  panel)  or  UAS-bsk*m  {right  panel:  to  silence  jun  N-terminal  kinase  (JNK))  flies.  The 
unwounded  w;  e22c-Gal4,  UAS  src-GFP,  UAS  DsRed2-Nuc/+  larvae  are  used  as  controls  (left panel).  Twenty- 
four  hours  after  wounding  the  u/1118  larvae  show  complete  wound  gap  closure,  but  disorganized  epidermal 
tissue  (indicated  by  arrows)  compared  to  the  unwounded  control.  The  larvae  with  epidermal  JNK  knockdown 
show  open  wounds  indicated  by  the  dark  gap  in  the  epidermal  sheet  (arrows),  (c)  Live  larval  whole  mounts  of 
the  reporter  line  w,  Nrg-GFP;;  PxnGal4,  UAS-2xEYFP/+  can  be  used  to  study  the  wound-induced  inflammatory 
response,  where  a  robust  accumulation  of  hemocytes  (green)  labeled  with  YFP  at  the  wound  site  can  be  seen 
6  h  after  pinch  wounding  (right panel,  compare  to  control) 


or  recruitment  of  blood  cells,  without  the  time  and  expense  com- 
mitment of  making  a  mouse  knockout  or  transgenic  model.  A  pos- 
itive result  in  Drosophila  larvae  could  provide  the  extra  motivation 
to  commit  to  a  more  clinically  relevant  model. 


2  Materials 

2.1    Fly  Husbandry  1.  Cornmeal  dextrose  media  (for  media  preparation,  refer  to  the 

Bloomington  Drosophila  Research  Center  [http://flystocks. 
bio.indiana.edu/Fly_Work/media-recipes/dextrosefood. 
htm],  Indiana  University)  (see  Note  1). 

2.  Plastic  vials  and  cotton  plugs. 

3.  25  °C  incubator,  preferably  with  humidity  control  to  -50  %. 


2.2  Pinch  and 
Puncture  Wounding 


1 .  Diethyl  ether. 

2.  Coplin  jar  (Fig.  3a). 
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Fig.  3  The  instruments  used  for  epidermal  wounding  and  dissection  of  Drosophila 
larvae,  (a,  b)  Coplin  jar  (a)  and  10  ml  beaker  with  a  cotton  ball  (b,  for  etheriza- 
tion), (c)  Wounding  vial,  (d)  Sylgard  plate  with  pins  for  dissections,  (e)  Paintbrush, 
(f)  Perforated  spoon,  (g)  Vinyl  sheet  (wounding  pad),  (h)  Etherization  cage,  cut 
from  a  2  ml  microcentrifuge  tube,  (i)  Forceps,  (j)  Dissecting  scissors,  (k)  Needle 
to  soften  the  fly  food.  (I)  Pin  holder 

3.  10  ml  glass  beaker,  stuffed  with  a  cotton  ball  (Fig.  3b). 

4.  Wounding  vials:  1.0  dram  glass  vials  with  1.0  ml  of  cornmeal 
dextrose  media  and  sealed  with  a  small  cotton  plug  (Fig.  3c). 

5.  Paintbrush  (Fig.  3e). 

6.  Perforated  steel  spoon  (Fig.  3f). 

7.  Wounding  pad  (a  thin  vinyl  sheet,  preferably  black  to  contrast 
the  white  larvae)  (Fig.  3g). 

8.  2.0  ml  Microcentrifuge  tubes  (Fig.  3h). 

9.  Nitex  nylon  mesh  (pore  size:  630  urn). 

10.  Dissecting  stereomicroscope  with  brightfield  gooseneck 
illumination  (Zeiss  Stemi  2000  microscope  or  equivalent). 
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2.3  Live  Scoring 
of  Epidermal 
Morphology  or 
Inflammation  After 
Pinch  or  Puncture 
Wounding 


11.  Nitex  Nylon  mesh  (pore  size:  100  um). 

12.  For  Pinch  wounding:  Blunted  dissecting  forceps  (Fig.  3i). 

13.  For  puncture  wounding:  0.1  mm  steel  needle  held  in  needle  or 
pin  holder  (Fig.  31). 

1 .  Epidermal  reporter  line  chosen  from  among  options  in  Table  1 : 
w1118;;  UAS-src-GFP,  UASDsRed2-Nuc,A58-Gal4/TM6B  (A58- 
reporter)  or  w1U8;e22c-Gal4,UAS-src-GFP,UAS-DsRed2Nuc/ 
CyO  (e22c-reporter)  or  blood  cell-specific  reporter  line:  w,  Nrg- 
GFP;;  Pxn-Gal4,  UAS2xETFP. 

2.  70  %  Glycerol. 

3.  Micro  glass  slides  (3in.  xl  in.)  and  coverslips  (24x60  mm). 
Double-sided  clear  tape. 

4.  Stereomicroscope  equipped  with  dual  filter  capable  of  simulta- 
neous visualization  of  GFP  and  RFP  channels  (Leica  MZ16FA 
or  equivalent)  and  color  digital  camera  (Leica  DFC300  FX  or 
equivalent). 


2.4  Dissection  of 
Larval  Epidermis 


2.5  Immunostaining 
and  Mounting  of 
Dissected  Epidermis 


1.  35x  10  mm  plastic  petri  dishes. 

2.  Sylgard  elastomer  base  and  curing  agent  (Dow  Corning, 
Catalog  no.  3555-47-3  and  68988-896,  respectively). 

3.  35x  10  mm  petri  dishes  partially  filled  with  polymerized 
Sylgard  (preparation  of  Sylgard  plates  is  described  in  detail 
methods  Subheading  3.5  and  [16])  (Fig.  3d). 

4.  0.1  mm  thick  dissecting  pins. 

5.  Dissecting  scissors  (Fig.  3j). 

6.  Forceps. 

7.  Phosphate  buffer  saline  (pH  7.2)  (PBS). 

8.  3.7  %  formaldehyde  made  in  PBS. 

1.  PBS. 

2.  Goat  serum.  Inactivate  the  goat  serum  by  incubating  at  55  °C 
for  1  h. 

3.  Tween-20. 

4.  Anti-Fasciclin  III  antibody  (Developmental  Studies  Hybridoma 
Bank,  Catalog  no.  7G10). 

5.  Fluorescein  (FITC)-conjugated  goat  anti-mouse  IgG. 

6.  BD  Clay  Adams  Nutator. 

7.  Micro  glass  slides. 

8.  Coverslips. 

9.  Vectashield™  mounting  medium. 
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3  Methods 

Culture  appropriate  wound  reporter  lines  on  standard  cornmeal 
dextrose  fly  media  at  25  °C.  For  genetic  screening,  cross  the 
wound  reporter  lines  to  an  appropriate  UAS-RNAi  line  target- 
ing your  gene  of  interest  (experimental  condition)  or  to  a  wllls 
control  strain  (closure  should  proceed  normally)  (see  Notes  1 
and  2). 

Transfer  the  flies  onto  fresh  food  every  other  day  (see  Note  3). 

Collect  early-L3 -stage  larvae  after  5  days  of  incubation  at 
25  °C.  With  a  metal  spatula,  scoop  out  the  soft  food  to  a  nylon 
mesh  (630  ^m  pore  size)  and  rinse  gently  but  thoroughly  with 
running  tap  water.  Very  litde  food  should  remain  when  done. 

Using  forceps,  quicldy  select  the  green  fluorescent  larvae  bear- 
ing the  reporter  using  a  fluorescence  stereomicroscope  (see 
Note  4). 

3.2   Pinch  and  Here  we  describe  two  techniques  to  physically  wound  larvae.  Pinch 

Puncture  Wounding         wounding  is  recommended  for  studying  the  cell  migration  events 

[15,  17]  (Fig.  lb)  and  puncture  wounding  is  best  suited  for  study- 
ing hemolymph  coagulation  and  wound-induced  epidermal  cell- 
cell  fusion  [6]  (Fig.  lc).  Prepare  a  small  etherization  cage  to 
anesthetize  the  larvae  using  a  2.0  ml  microcentrifuge  tube.  Briefly, 
sever  the  tube  with  a  razor  blade  above  the  taper.  Save  the  part 
with  the  cap  and  melt  the  cut  edge  of  the  tube  with  a  hot  metal 
spatula.  While  the  melted  edge  is  still  hot,  attach  a  small  square  of 
nylon  mesh  (100  ^m  pore  size)  to  the  melted  region.  This  will 
allow  access  to  ether  fumes  but  prevent  the  larvae  from  escaping. 

1 .  Transfer  rinsed  L3  larvae  into  the  cap  of  the  etherization  cage 
(see  Note  5).  To  expose  to  ether,  place  a  10  ml  glass  beaker 
containing  a  cotton  ball  soaked  in  -1.0  ml  of  diethyl  ether  in  a 
Coplin  jar.  This  should  be  done  in  a  fume  hood.  Place  the 
etherization  cage  on  the  cotton  ball  and  close  the  lid  of  the 
Coplin  jar.  Wait  for  2.5  min. 

2.  Remove  etherization  chamber  from  Coplin  jar,  open  the  cap, 
and  then  gently  rinse  larvae  into  a  35  x  10  mm  petri  dish  using 
a  water  squirt  bottle. 

3.  Using  forceps,  gently  place  up  to  14  larvae  onto  the  wounding 
pad  with  their  dorsal  sides  up  (see  Note  6  and  Fig.  la). 

4.  Pinch  wounding:  While  observing  under  the  dissecting  micro- 
scope, pinch  wound  each  larva  by  grabbing  the  cuticle  and 
epidermis  with  forceps  and  holding  for  10  s  (see  Notes  7-9). 
The  pinch  wounds  should  be  made  in  the  smooth  cuticle  at  the 
dorsal  midline  between  the  third  and  the  fourth  segmental 
boundaries  marked  by  dorsal  hairs  (Fig.  lb). 


3.1  Fly  Husbandry  1. 
and  Harvesting  Larvae 


2. 
3. 
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5.  Puncture  wounding:  Pierce  the  larval  cuticle  with  a  0.1  mm 
steel  needle  at  the  dorsal  midline  between  the  third  and  the 
fourth  dorsal  segmental  boundaries.  Placing  paper  towels 
underneath  the  wounding  pad  will  cushion  both  the  larva  and 
the  pin  during  piercing  (see  Note  10  and  Fig.  lc). 

1.  After  wounding,  use  a  water  squirt  bottle  to  gently  rinse  the 
larvae  off  the  pad  and  into  a  petri  dish  filled  with  water. 

2.  Gently  transfer  the  larvae  into  wounding  vials  using  forceps 
(see  Note  11). 

3.  Incubate  the  larvae  at  25  °C  for  the  desired  length  of  time.  In 
control  lines,  wound  closure  is  completed  by  24  h. 

1.  After  recovery  for  the  desired  length  of  time,  use  forceps  to 
carefully  remove  the  wounded  larvae  from  the  food  within  the 
wounding  vial  and  rinse  with  water. 

2.  Anesthetize  the  larvae  using  ether  for  5  min  (see  the  above 
protocol). 

3.  Wash  the  larvae  into  a  35x  10  mm  petri  dish  using  a  tap  water 
squirt  bottle. 

4.  Prepare  the  micro  glass  slide  for  mounting  the  larvae  by  stick- 
ing a  length  of  double-sided  tape  sufficient  to  mount  the  num- 
ber of  larvae  chosen  for  analysis. 

5.  Place  the  etherized  larvae  on  the  glass  side  adjacent  to  the  tape 
with  the  dorsal  side  facing  up  (see  Note  12).  Now,  hold  the 
larva  with  forceps  near  the  posterior  spiracles  and  attach  the 
mouth  hook  to  the  tape.  Gently  stretch  the  larva  without 
breaking  the  cuticle  and  attach  the  posterior  spiracle  to  the 
tape  as  well.  Flatten  the  larva  to  the  extent  possible  to  obtain 
better  quality  images. 

6.  Add  approximately  100  ul  of  70  %  glycerol  onto  the  coverslip 
and  spread  it  in  a  line  sufficient  to  cover  the  larvae.  Take  the 
slide  with  the  larvae  affixed  to  it  and  invert  it  onto  the  coverslip 
to  cover  the  larvae  uniformly  in  glycerol  (see  Note  13). 

Dissection  of  the  larval  epidermis  allows  for  a  clearer  visualization 
of  the  epidermal  wound  morphology.  See  Fig.  la  for  layout  of  a 
properly  dissected  larva.  In  addition  to  anti-Fasciclin  III  which 
labels  epidermal  cell  membranes,  whole  mounts  can  be  immunos- 
tained  for  other  cellular  markers  if  desired. 

1.  Prepare  polymerized  Sylgard  plates  by  mixing  1  part  of  elasto- 
mer with  10  parts  of  base.  Pour  ~3  ml  of  the  mixture  into  a 
35x10  mm  petri  dish  and  allow  the  gel  to  set  by  incubating 
the  plates  at  room  temperature  for  2  days. 
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2.  Gently  transfer  the  larvae  from  wounding  vials  and  rinse  with 
water  or  PBS.  Transfer  a  larva  to  a  Sylgard  plate  containing 
enough  PBS  to  cover  the  surface.  Using  one  pair  of  forceps, 
grab  and  stabilize  the  larva.  Using  a  second  pair  of  forceps, 
grab  a  0.1  mm  pin  and  pin  the  larva  to  the  soft  Sylgard  surface. 
The  pin  should  pierce  the  anterior  of  the  larva  near  the  mouth 
hooks  and  the  ventral  epidermis  should  be  facing  up. 

3.  Grab  the  posterior  of  the  larva  and  pin  near  the  posterior  spir- 
acles while  gently  stretching  the  larva  along  the  anteroposte- 
rior axis. 

4.  Using  dissecting  scissors  make  a  small  incision  at  the  midbody 
along  the  anteroposterior  axis  and  cut  the  ventral  epidermis/ 
cuticle  both  anteriorly  and  posteriorly  towards  the  head  and 
tail  pins.  Take  care  not  to  nick  the  underlying  dorsal  epidermis 
while  cutting. 

5.  Using  one  pair  of  forceps,  stretch  the  right-hand  anterior  epi- 
dermal flap  just  shy  of  breaking.  Using  a  second  pair  of  forceps, 
grab  an  insect  pin  and  pin  the  right  epidermal  flap  to  the 
Sylgard.  Similarly,  pin  the  left-hand  anterior  flap,  the  right- 
hand  posterior  flap,  and  the  left-hand  posterior  flap  in  that 
order  (Fig.  la).  These  steps  of  the  dissection  will  take  practice 
to  perfect  (see  Note  14). 

6.  Eviscerate  by  gently  grabbing  the  internal  organs  at  the  poste- 
rior and  gently  pulling  upward  and  anteriorward.  If  one  grabs 
between  the  epidermis  and  the  tracheal  dorsal  trunks,  one  can 
usually  pull  up  all  of  the  viscera  (gut,  fat  bodies,  malpighian 
tubules,  and  associated  trachea)  at  once.  Use  a  second  pair  of 
forceps  to  sever  the  connection  between  the  pulled  organs  and 
the  anterior  dorsal  epidermis  (avoid  poking  the  dorsal  epider- 
mis). Residual  internal  organs  such  as  brain  and  fat  body  should 
be  gently  picked  off  the  epidermis  by  forceps. 

7.  Fix  in  a  fume  hood  for  1  h  at  room  temperature  by  replacing 
the  PBS  with  3.7  %  formaldehyde  in  PBS. 

8.  Using  forceps  gently  unpin  each  larva  and  transfer  the  epider- 
mis to  a  1.5  ml  microcentrifuge  tube  containing  PBS  (see 
Note  15). 


3.6  Immunostaining  The  epidermal  wounds  can  be  studied  by  immunostaining  the 
of  Dissected  Larval  larval  epidermis  for  markers  such  as  Fasciclin  III.  The  antibody 

Epidermis  with  stains  epidermal  cell  membranes  (Fig.  lb,  c)  and  the  pinch  and 

Anti-Fasciclin  III  puncture  wounds  can  be  clearly  visualized.  The  staining  protocol 

described  here  can  be  adapted  to  any  marker  of  interest. 

1 .  Block  fixed  larvae  for  at  least  1  h  at  room  temperature  in  PHT 
by  rotating  on  an  Adams  nutator,  but  any  equivalent  will  do. 

2.  Dilute  anti-Fasciclin  III  1:50  in  PHT,  which  is  PBS  containing 
5  %  heat-inactivated  normal  goat  serum  and  0.3  %  Tween-20. 
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3.  Replace  block  solution  with  sufficient  diluted  primary 
antibody  to  cover  all  of  the  larvae  being  stained. 

4.  Incubate  on  a  nutator  overnight  at  4  °C. 

5.  Remove  and  save  the  primary  antibody  and  wash  the  larvae  at 
least  six  times  for  at  least  30  min  with  1.0  ml  PHT. 

6.  Replace  final  wash  with  diluted  secondary  antibody:  Goat  anti- 
mouse  IgG  conjugated  to  the  fluor  of  your  choice.  Incubate 
overnight  at  4  °C. 

7.  Replace  secondary  antibody  with  PHT  and  wash  again  as  in 
step  5. 

8.  Add  a  drop  of  Vectashield™  to  a  glass  microscope  slide  and 
place  the  epidermal  whole  mount  into  the  drop.  Slowly  mount 
a  coverslip  onto  the  drop  without  creating  air  bubbles.  Seal  the 
coverslip  to  the  glass  slide  using  nail  polish. 

3.7   Microscopy  1.  Live  or  dissected  larvae  can  be  viewed  with  an  appropriate 

fluorescent  filter  on  a  Leica  MZ16FA  stereomicroscope  using 
Planapo  1.6x  objective.  Capture  images  using  a  color  digital 
camera  (Leica  DFC300  FX  or  equivalent)  and  Image-Pro  AMS 
v5.1  software  (Media  Cybernetics  or  equivalent). 


4  Notes 

1.  Please  refer  to  the  Bloomington  Stock  Center  Web  site  or 
to  Ralph  Greenspan's  book  "Flypushing"  for  basics  of  fly 
husbandry. 

2.  We  recommend  25  °C  for  Drosophila  culture.  Note  that  the 
Gal4/UAS  system  and  Drosophila  in  general  are  temperature 
sensitive.  Decreasing  the  temperature  will  give  a  longer  gen- 
eration time  and  lower  transgene  expression  while  increasing 
the  temperature  will  give  a  shorter  generation  time  and  higher 
transgene  expression  although  fecundity  may  be  compro- 
mised. This  is  useful  to  keep  in  mind  when  encountering  a 
transgene  that  is  lethal  at  25  °C  or  gives  no  phenotype.  Lower 
temperatures  may  promote  viability  and  higher  temperatures 
may  reveal  a  phenotype. 

3.  It  is  only  necessary  to  brood  the  flies  if  the  cross  is  going  slowly 
(low  number  of  embryo/larval  progeny)  and  until  a  sufficient 
population  of  larvae  is  obtained  for  wounding. 

4.  After  sorting  the  fluorescent  larvae,  it  is  advisable  to  leave  the 
larvae  on  small  moist  pads  of  fly  food  in  a  35  mmxlO  mm 
petri  dish.  This  practice  avoids  starvation  of  larvae  before 
wounding. 
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5.  Larvae  should  be  transferred  to  the  etherization  cage  with  as 
little  accompanying  water  as  possible  since  water  will  hinder 
the  desired  anesthetization. 

6.  The  dorsal  side  is  marked  by  the  presence  of  the  two  promi- 
nent dorsal  tracheal  trunks  and  the  absence  of  dark  denticles 
that  mark  the  segmental  boundaries  on  the  ventral  side. 

7.  A  good  pair  of  dissecting  forceps  is  very  important  for  pinch 
wounding.  The  tips  should  be  filed  blunt  and  the  edges  made 
smooth  so  that  the  forceps  do  not  puncture  the  larval  cuticle. 
Forceps  can  be  blunted  by  filing  the  tips  with  a  sanding  stone. 
Tips  should  be  rounded  when  done  but  blades  should  still  be 
flat  and  close  flush. 

8 .  Standardize  the  forceps  used  for  pinching  by  checking  for  the 
wound  morphology  immediately  after  wounding.  Occasional 
refiling  or  replacement  of  the  wounding  forceps  may  be  neces- 
sary if  the  initial  wound  morphology  drifts  from  the  ideal  that 
is  a  well-rounded  wound  that  is  centered  in  a  single  body  seg- 
ment (see  Fig.  la,  b). 

9.  The  amount  of  pressure  applied  while  pinch  wounding  should 
be  enough  to  create  a  gap  in  the  epidermis  but  not  so  much  as 
to  puncture  the  cuticle  and  thus  create  a  scab.  The  proper 
amount  of  pressure  can  be  determined  through  practice. 

10.  During  puncture  wounding,  it  is  typical  to  poke  the  needle 
through  both  the  dorsal  and  ventral  cuticle.  This  is  because  the 
cuticle  is  firm  but  the  interior  of  the  larva  is  filled  with  liquid 
hemolymph.  Either  the  dorsal  entry  or  ventral  exit  wound  can 
be  used  for  further  analysis  although  the  investigator  has  more 
control  over  the  location  of  the  dorsal  wound. 

11.  A  maximum  of  14  larvae  should  be  transferred  to  a  single 
wounding  vial  to  avoid  overcrowding  and  excess  competition 
for  food.  Likewise,  a  minimum  of  5  or  6  larvae  should  be  in 
each  vial  so  that  they  can  assist  each  other  in  working  up  the 
food.  Pre-mashing  the  food  (with  the  needle  shown  in  Fig.  3k) 
before  transferring  the  larvae  to  the  wounding  vial  helps  in 
quick  revival  of  the  larvae. 

12.  After  transferring  the  etherized  larvae  onto  the  slide  from 
water,  there  will  be  a  small  drop  of  water  around  the  larvae. 
Remove  this  water  droplet  using  a  kimwipe  before  mounting 
onto  the  tape  as  they  will  stick  better. 

13.  Live-mounted  larvae  should  be  observed  immediately  after 
mounting  and  photographed  quicldy.  Occasionally  they  will 
wake  up  and  wriggle  free  from  the  tape.  This  can  be  minimized 
by  chilling  them  for  approximately  30  min  at  4  °C. 

14.  When  pinning  out  the  larva  during  dissection  it  is  imperative 
that  the  pins  be  placed  symmetrically  to  ensure  that  there  are 
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no  stretch  lines  skewing  across  the  epidermis  (see  Fig.  la).  The 
ventral  cut  edges  should  be  parallel  to  each  other,  and  the  two 
anterior  and  two  posterior  pins  should  be  on  the  same  line 
perpendicular  to  the  anteroposterior  midline.  Finally,  all  flaps 
should  be  fully  stretched  and  form  an  angle  of  45°  with  respect 
to  the  anteroposterior  midline. 

15.  It  is  a  good  idea  to  use  a  separate  pair  of  forceps  for  dissecting 
and  for  unpinning  to  avoid  damage  to  the  tips.  In  general, 
since  the  forceps  are  used  to  grab  and  place  the  pins,  the  tips 
will  only  last  in  good  condition  for  up  to  a  few  months  even  if 
good  care  is  taken. 
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Zebrafish  Cardiac  Injury  and  Regeneration  Models: 
A  Noninvasive  and  Invasive  In  Vivo  Model  of  Cardiac 
Regeneration 

Michael  S.  Dickover,  Ruilin  Zhang,  Peidong  Han,  and  Neil  C.  Chi 


Abstract 

Despite  current  treatment  regimens,  heart  failure  still  remains  one  of  the  leading  causes  of  morbidity  and 
mortality  in  the  world  due  to  failure  to  adequately  replace  lost  ventricular  myocardium  from  ischemia- 
induced  infarct.  Although  adult  mammalian  ventricular  cardiomyocytes  have  a  limited  capacity  to  divide, 
this  proliferation  is  insufficient  to  overcome  the  significant  loss  of  myocardium  from  ventricular  injury. 
However,  lower  vertebrates,  such  as  the  zebrafish  and  newt,  have  the  remarkable  capacity  to  fully  regenerate 
their  hearts  after  severe  injury.  Thus,  there  is  great  interest  in  studying  these  animal  model  systems  to  dis- 
cover new  regenerative  approaches  that  might  be  applied  to  injured  mammalian  hearts.  To  this  end,  die 
zebrafish  has  been  utilized  more  recently  to  gain  additional  mechanistic  insight  into  cardiac  regeneration 
because  of  its  genetic  tractability.  Here,  we  describe  two  cardiac  injury  methods,  a  mechanical  and  a  genetic 
injury  model,  for  studying  cardiac  regeneration  in  the  zebrafish. 

Key  words  Heart  regeneration,  Zebrafish,  Resection,  Genetic  ablation,  Ischemia,  Nitroreductase 


1  Introduction 

Despite  current  treatment  regimens,  heart  failure  still  remains  one  of 
the  leading  causes  of  morbidity  and  mortality  in  the  world  due  to 
failure  to  adequately  replace  lost  ventricular  myocardium  from  isch- 
emia-induced infarct.  Although  adult  mammalian  ventricular  cardio- 
myocytes have  a  limited  capacity  to  divide,  this  proliferation  is 
insufficient  to  overcome  the  significant  loss  of  myocardium  from  ven- 
tricular injury  [1-3].  As  a  result,  the  damaged  human  heart  generates 
fibrous  scar  tissue  and  pathologically  remodels  itself  in  an  attempt  to 
unsuccessfully  compensate  for  reduced  cardiac  function  and  altered 
cardiac  architecture,  subsequently  leading  to  heart  failure.  Thus, 
developing  innovative  approaches  to  produce  new  healthy  cardio- 
myocytes in  order  to  replace  damaged  heart  tissue  may  provide  novel 
regenerative  cellular  therapies  for  treating  heart  failure. 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 
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Because  of  their  robust  capacity  to  regenerate  a  wide  variety  of 
tissues,  including  limb,  brain,  spinal  cord,  and  retina,  lower  verte- 
brates, such  as  amphibians  and  fish,  have  been  classically  used  to 
study  organ  regeneration  [4].  Many  of  these  regeneration  studies 
were  initially  performed  in  newts  and  Xenopus  [5-12];  however, 
because  of  its  genetic  tractability,  the  zebrafish  has  been  utilized 
more  recently  to  gain  additional  mechanistic  insight  into  verte- 
brate organ  regeneration  [13-19].  As  a  consequence,  researchers 
have  taken  advantage  of  these  lower  vertebrate  models  to  further 
investigate  cardiac  regeneration  with  the  hopes  of  translating  these 
findings  to  the  regeneration  of  mammalian  hearts.  Towards  this 
end,  similar  cardiac  injury  and  regeneration  models  used  in  lower 
vertebrate  systems  have  recently  been  employed  in  mouse  cardiac 
models  [20] .  These  studies  reveal  that  early  postnatal  mouse  hearts, 
like  zebrafish  hearts,  possess  the  ability  to  regenerate  from  the  pro- 
liferation of  existing  cardiomyocytes  after  ventricular  apex  resec- 
tion. However,  unlike  zebrafish  cardiac  regeneration,  this  mouse 
cardiac  regenerative  potential  appears  to  significantly  diminish  7 
days  after  birth.  Consequently,  there  is  intense  interest  to  investi- 
gate cardiac  regeneration  in  these  different  animal  model  systems 
in  order  to  identify  new  regenerative  cellular  strategies  for  repair  of 
damaged  adult  human  hearts. 

Various  cardiac  injury  techniques  have  been  utilized  to  study 
the  process  of  cardiac  regeneration  in  multiple  animal  models.  The 
most  common  and  well-established  method  has  been  the  mechani- 
cal resection  procedure  [8,  13].  In  this  cardiac  injury  model,  an 
incision  is  created  in  the  chest/ventral  surface  of  the  animal  to 
expose  the  heart  for  mechanical  ventricular  apical  transection  with 
a  pair  of  scissors  (Fig.  1).  Using  this  technique,  several  groups  have 
reproducibly  observed  in  zebrafish  and  newts  that  after  resection 
of  15-20  %  of  the  ventricular  apex,  adult  and  juvenile  hearts  are 
able  to  generate  sufficient  new  myocardium  within  several  weeks  to 
fully  replace  the  transected  apex  [13,  14,  17,  18,  21].  Because  of 
its  reliability,  this  cardiac  injury  model  has  been  recently  used  in 
the  mouse  to  investigate  the  cardiac  regenerative  potential  in  mam- 
malian hearts  [20].  Moreover,  in  order  to  simulate  myocardial 
infarction-like  cardiac  injuries,  researchers  have  also  used  cryocau- 
terization  in  both  mouse  and  zebrafish  hearts  to  study  cardiac 
regeneration  [19,  22].  This  technique  involves  contacting  the  car- 
diac ventricle  with  a  copper  filament  cooled  in  liquid  nitrogen, 
thereby  causing  necrotic  death  of  the  surrounding  cells.  Similar  to 
myocardial  infarction,  this  injury  results  in  fibrotic  scar  tissue  for- 
mation. Eventually,  the  scar  tissue  is  resorbed  to  allow  for  integra- 
tion of  newly  generated  cardiomyocytes  to  the  damaged 
myocardium.  Although  these  invasive  techniques  can  create  a 
robust  and  fairly  reproducible  injury  to  the  heart,  they  are 
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Fig.  1  Surgical  transection  of  the  zebrafish  ventricular  apex.  Six  month  old  adult  zebrafish  is  mounted  in 
sponge  ventral  side  up  for  incision  of  chest  wall  and  transection  of  cardiac  ventricle  apex,  (a)  Materials  required 
to  surgically  transect  the  ventricular  apex  include:  (1)  Vannas  scissors,  (2)  Iris  scissors,  (3)  #5  Dumont  twee- 
zers, (4)  a  pair  of  #55  Dumont  tweezers,  (5)  WPI  inc.  Economy  tweezers  #7,  (6)  petri  dish,  and  (7)  sponge  with 
slit  cut  into  the  top  in  order  to  hold  (8)  anesthetized  zebrafish.  Anesthetized  6  month  old  adult  zebrafish 
mounted  ventral  side  up  (b)  prior  to  surgical  resection  and  (c)  after  resection.  Cartoon  schematic  of  a  section 
of  the  ventricle  (d)  before  and  (e)  after  resection.  Dashed  line  marks  the  plane  of  resection.  White  arrows  point 
to  the  heart.  Asterisks  mark  scarring  after  resection.  Note  blood  clot  that  forms  immediately  after  resection  in 
c.  Head  is  to  the  top  and  the  tail  is  to  the  bottom  in  panels  (a-c) 
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unfortunately  technically  cumbersome,  are  difficult  to  employ  in  a 
high-throughput  manner,  structurally  destroy  the  integrity  of  the 
overall  cardiac  architecture,  remove  other  cardiac  cell  types  beyond 
cardiomyocytes,  such  as  endothelial,  endocardial,  and  epicardial 
cells,  and  can  potentially  damage  other  organs  and  tissues  besides 
the  heart  when  exposing  the  heart  for  ventricular  apical  transection 
(i.e.,  skin,  skeletal  muscle,  and  bone). 

To  circumvent  these  mechanical  cardiac  injury  issues,  research- 
ers have  recently  developed  genetic  ablation  methods  to  noninva- 
sively  create  organ/tissue -specific  injuries,  including  cardiomyocyte 
specific  ablations  [23-32].  For  example,  using  a  double  transgenic 
system  in  zebrafish,  which  includes  the  Tg(cmlc2:CreRR)  line — 
cmlc2  cardiac  specific  promoter  driving  tamoxifen  inducible  CreER, 
and  T£f(bactin2:loxp-mCherrySTOP-loxp-DTA)  line — a  ubiqui- 
tously expressing  diphtheria  toxin  A  chain  (DTA)  switch  line, 
cardiac-specific  expression  of  DTA,  which  blocks  protein  synthesis, 
can  be  induced  with  tamoxifen  treatment  in  order  to  ablate  cardio- 
myocytes [23].  As  a  result,  high  dose  tamoxifen  injections  into  6 
month  old  zebrafish  harboring  both  transgenes  can  specifically  and 
reproducibly  destroy  over  60-80  %  of  the  ventricular  myocardium, 
causing  heart  failure  and  in  some  cases  death.  In  contrast  to  the 
ventricular  apical  transection  model  where  these  hearts  cannot  fully 
regenerate  after  more  than  a  20-25  %  cardiac  resection  [13],  the 
DTA-genetically  ablated  ventricles  were  able  to  regenerate  after 
ablation  of  over  60  %  of  ventricular  cardiomyocytes  [23]. 
Furthermore,  these  genetically  ablated  hearts  also  significantly 
regenerated  faster  than  the  mechanically  resected  hearts.  These 
regenerative  differences  may  be  due  to  the  mechanical  resection 
model  severely  disrupting  the  cardiac  architecture  and  removing 
other  cardiac  cell  types,  which  may  be  necessary  for  more  efficient 
myocardial  regeneration  [33]. 

Though  the  DTA-inducible  genetic  cardiac  ablation  shows 
great  potential  as  a  noninvasive  cardiac  injury  model,  this  method 
can  be  technically  and  genetically  difficult  because  intercrossing  of 
two  different  transgenic  lines  is  required  to  generate  fish  for  this 
cardiac  injury  model.  Thus,  another  promising  genetic  cell  abla- 
tion model,  which  only  requires  one  transgenic  line  and  utilizes  the 
bacterial  nitroreductase  (NTR)  enzyme,  has  been  used  recently  to 
specifically  destroy  tissues/organs  in  both  mouse  and  zebrafish 
after  treatment  with  the  prodrug,  metronidazole  (MTZ)  [30-32, 
34].  In  this  technique,  tissue -specific  NTR  expression  invertebrate 
cells  is  innocuous;  however,  MTZ  exposure  to  these  NTR- 
expressing  cells  leads  to  the  conversion  of  MTZ  into  a  toxic  com- 
pound, which  then  effectively  ablates  these  cells  through  induction 
of  apoptosis.  Using  the  cw/c2,  cardiac  specific  promoter,  to  drive 
expression  of  NTR  in  zebrafish  hearts — T0(cmlc2:NTR),  cardio- 
myocytes can  be  reliably  ablated  after  MTZ  treatment  [30]. 
Moreover,  to  study  the  recovery  and  regeneration  of  the  damaged 
heart,  the  MTZ  can  be  effectively  washed  away  to  discontinue  the 
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ablations  [35].  Overall,  these  genetic  ablation  techniques  are  non- 
invasive, rapid,  and  easy  to  carry  out,  thus  permitting  researchers  in 
the  future  to  more  easily  execute  high- throughput  studies,  such  as 
chemical  and  forward  genetic  screens,  of  cardiac  regeneration. 

Overall,  the  surgical  and  genetic  cardiac  injury  models  are  both 
useful  and  complementary  tools  to  study  different  aspects  of  car- 
diac regeneration.  Because  of  their  genetic  tractability  (i.e.,  trans- 
genics, mutants,  morpholino  knockdowns)  and  inherent 
regenerative  capacity  [36],  the  zebrafish  has  gained  significant 
popularity  for  performing  both  cardiac  injury  models  in  order  to 
dissect  the  cellular  and  molecular  mechanisms  of  cardiac  regenera- 
tion. In  particular,  zebrafish  transgenic  tools  have  been  recently 
created  to  investigate  critical  signaling  pathways  that  may  be 
required  for  cardiac  regeneration  [14,  37]  as  well  as  to  genetically 
fate  map  cells  to  identify  the  source  of  the  cardiac  regenerative  tis- 
sue [17,  18].  Thus,  in  this  chapter,  we  describe  protocols  for  per- 
forming both  the  surgical  resection  and  the  NTR-mediated  genetic 
ablation  cardiac  injury  models  in  the  zebrafish  heart.  In  the  future, 
we  anticipate  that  these  protocols  may  be  applicable  in  other  ani- 
mal models.  Already,  the  mechanical  cardiac  injury  model  has  been 
successfully  used  in  mice,  and  recent  mouse  gene  trap  screens  using 
NTR  have  been  performed  [31],  which  may  yield  cardiac  specific 
NTR  expressing  lines  that  can  be  used  for  mouse  NTR-mediated 
cardiac  genetic  ablation  in  the  future. 


2  Materials 


2.1  Surgical 

1. 

Iris  Scissors. 

Resection  of  the 

2. 

Vannas  Scissors. 

Zebrafish  Heart 

3. 

Dumont  Tweezers  #5. 

4. 

Dumont  Tweezers  #55 

5. 

Economy  Tweezers  #7. 

6. 

Petri  Dish. 

7. 

Double  Sided  Tape. 

8. 

Sponge. 

2.2   Transgenic  The  Tf/(cmlc2:mCherry-NTR)  zebrafish  line,  which  expresses  the 

Fish  Lines  mCherry-nitroreductase  fusion  protein  in  the  myocardium,  was 

used  to  genetically  ablate  cardiomyocytes  after  MTZ  treatment 
(Fig.  2).  In  order  to  more  easily  observe  the  cardiac  ablation,  this 
line  was  crossed  into  the  Tg (kdrl:GFP)  reporter  line  (Fig.  2),  which 
expresses  green  fluorescent  protein  (GFP)  in  the  endocardium  and 
vasculature  [38].  During  cardiac  ablation,  the  cardiomyocytes  are 
specifically  destroyed  and  can  be  observed  by  the  reduction  of 
cherry  red  cardiomyocytes,  whereas  the  endocardium  marked  in 
GFP  remains  intact  (Figs.  2  and  3). 
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Fig.  2  In  vivo  cardiac  genetic  ablation  and  regeneration  model.  3  dpf  (days  post-fertilization)  Tg(cmlc2:mCherry- 
NTR;  kdrhGFP)  larvae  are  treated  with  5  mM  metronidazole  (MTZ)  for  2  h.  Live  confocal  imaging  of  ablated  and 
regenerating  heart  at  (a,  a')  0  hpa  (hour  post-ablation);  (b,  b')  24  hpa;  (c,  c')  48  hpa;  and  (d,  d')  96  hpa.  a,  b, 
c,  d  are  full  confocal  image  projections  of  the  hearts  and  a',  b',  c',  d'  are  representative  confocal  optical  sec- 
tion of  the  a,  b,  c,  d  heart,  (e)  Schematic  representation  of  myocardial  genetic  ablation  strategy.  cmlc2:mcherry- 
NTR(red)  and  kdrhGFP  (green)  are  expressed  in  the  myocardium  and  endocardium,  respectively.  By  24  hpa 
(b,  b'),  much  of  the  myocardium  (red)  is  specifically  ablated,  whereas  the  endocardium  (green)  remains  intact. 
Regeneration  of  cardiomyocytes  begins  -48  hpf  (c,  c')  and  continues  to  96  hpa  (d,  d')  when  the  heart  has  fully 
regenerated.  A,  atrium;  V,  ventricle 


2.3  Reagents  for 
Cardiomyocyte 
Ablation  and  Cell 
Death  Detection 


1.  Egg  water  for  zebrafish  embryos:  0.3  g  Instant  Ocean  Sea  Salt, 
0.075  g  CaS04,  1  L  distilled  water. 

2.  20x  Phenylthiourea  (PTU)  stock  solution:  0.06  %  (w/v) 
1 -phenyl -2thiourea  (Sigma  P7629)  dissolved  in  egg  water. 

3.  Dimethyl  sulfoxide  (DMSO)  control  solution:  0.2  %  (v/v) 
DMSO  (Sigma  D8418)  in  egg  water. 

4.  10  mM  metronidazole  (MTZ)  solution:  1.712  g  metronida- 
zole, 2  mL  DMSO,  1  L  egg  water  (see  Note  1). 
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Fig.  3  Cell  death  in  Tg(cmlc2:mCherry-NTR)  ablated  hearts.  TUNEL  staining  {green)  was  performed  in  3.5  dpf 
Tg(cmlc2:mCherry-NTR)  larvae  12  h  after  being  treated  with  (a)  DMSO  or  (b)  5  mM  metronidazole  (MTZ)  for 
2  h.  TUNEL  positive  staining,  which  indicates  apoptosis,  has  increased  significantly  in  ablated  cardiac  ventricle 
(b)  compared  to  DMSO-treated  age-matched  control  (a,  control).  Red—cmlc2:mcherry-NTR;  Green — TUNEL; 
Blue—  DAPI/nuclei 


5.  10x  Phosphate  buffered  saline  (PBS)  solution:  80  g  NaCl,  2  g 
KC1,  14.4  g  Na2HP04,  2.4  g  KH2P04,  1  L  distilled  water,  pH 
adjusted  to  7.4  with  5  M  NaOH. 

6.  Paraformaldehyde  (PFA):  4  %  (w/v)  paraformaldehyde  in  lx 
PBS. 

7.  PBST:  0.5  %  (v/v)  Triton  X- 100  in  lx  PBS. 

8 .  In  situ  cell  death  detection  lot. 


2.4   Microscopy  for  1.  20x  Tricaine  stock  solution:  4  g  Ethyl  3 -aminobenzoate  meth- 

Regeneration  Analysis  anesulfate  salt,  21  mL  1  M  Tris-HCl  (pH  9),  1  L  distilled 

water,  pH  adjusted  to  7.0  with  12  M  HC1. 

2.  Low  melting  point  agarose:  1  %  (w/v)  SeaPlaque  Agarose  dis- 
solved in  egg  water.  Microwave  to  dissolve,  aliquot  in  1.5  or 
2  mL  microcentrifuge  tubes  and  keep  at  37  °C. 

3.  Glass  bottom  culture  dish. 

4.  Stereomicroscope. 

5.  Confocal  microscope. 


3  Methods 


3.1    Surgical  1.  Affix  sponge  to  a  petri  dish  using  double-sided  tape  (Fig.  la). 

Resection  of  the  2.  Using  a  razor  blade,  cut  a  slot  into  the  sponge  big  enough  to 

Zebrafish  Heart  hold  ^  aduit  zebrafish  (Fig.  1  a) . 
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3.  Anesthetize  zebrafish  (>3  months  old)  with  tricaine  solution 
and  place  ventral  side  up  into  the  sponge  (Fig.  la-c). 

4.  Determine  location  of  the  heart  by  observing  motion  under 
the  skin. 

5.  Observing  under  a  stereomicroscope,  make  an  incision  in  the 
sldn  above  the  heart  using  iris  scissors.  This  will  expose  the 
silver-colored  pericardial  sac. 

6.  Open  the  pericardial  sac  using  #55  tweezers  (Fig.  Ia4). 

7.  Using  #5  tweezers  (Fig.  Ia3),  which  are  not  too  sharp,  gently 
pull  up  the  apex  of  the  ventricle  to  expose  it. 

8.  Using  Vannas  scissors  (Fig.  lal),  remove  approximately  20  % 
of  the  ventricular  apex. 

9.  Once  the  wound  has  clotted  and  stopped  bleeding,  the  fish  can 
be  returned  to  a  tank  (Fig.  lc). 

10.  Use  a  plastic  transfer  pipette  to  gently  push  water  across  the 
gills  of  the  fish  until  it  is  able  to  swim  freely  on  its  own  (gener- 
ally 3-5  min). 

11.  Allow  the  fish  to  recover  for  several  days  (full  recovery  is  usu- 
ally between  30  and  60  days).  The  chest  incision  normally 
heals  without  problems  within  24-48  h,  with  more  than  80  % 
of  resected  fish  surviving  following  a  procedure. 

1.  Collect  eggs  from  a  pair  mating  of  T£f(cmlc2:mCherry-NTR) 
and  Tg (kdrl:GFP)  fish.  Incubate  the  eggs  at  28  °C  in  egg  water 
until  they  reach  the  desired  stage  for  ablation  (Fig.  2).  To 
maintain  optical  clarity  of  the  zebrafish  embryo  or  larvae,  add 
PTU  after  gastrulation  to  prevent  pigmentation  of  the  fish. 
Cardiac  ablation  can  be  performed  as  soon  as  cmlc2  is  expressed 
(16-18  hpf).  However,  in  order  to  investigate  that  cardiac 
recovery  is  due  to  cardiac  regeneration  rather  than  normal  car- 
diac development,  we  have  specifically  ablated  at  3-4  days 
post-fertilization  (dpf),  when  cardiogenesis  has  completed  and 
the  proliferation  rate  of  the  cardiomyocytes  has  dramatically 
decreased  [39]. 

2.  Before  ablation,  sort  the  larvae  into  two  groups:  (1) 
cmlc2:mCherry-NTR+  siblings;  0.2  %  DMSO  (negative  con- 
trol), and  (2)  cmlc2:mCherry-NTR+  siblings;  +MTZ  (experi- 
mental) (Fig.  2).  Use  a  minimum  of  30  larvae  per  group  in 
order  to  account  for  any  variability. 

3.  Remove  as  much  egg  water  as  possible  and  add  5  mM  MTZ 
solution  or  0.2  %  DMSO  control  solution  at  28  °C.  Incubate 
at  28  °C  in  the  dark  for  2  h  (see  Note  2). 

4.  Remove  the  solution  at  the  end  of  the  incubation.  Wash  four 
to  five  times  with  egg  water  and  replace  with  fresh  egg  water  + 
PTU.  Check  under  the  microscope  over  the  next  few  hours  for 


3.2  MTZ-dependent 
Ablation  and  Cell 
Death  Detection 
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any  indication  of  cell  death,  such  as  decreased  levels  of  mCherry 
fluorescence,  decreased  ventricular  function,  or  blood  pooling 
in  the  heart  (Fig.  2b,  b'  and  c,  c'). 

5.  In  addition  to  these  indicators  of  myocardial  dysfunction  and 
cardiomyocyte  ablation  as  outlined  in  point  4,  TUNEL 
(Terminal  deoxynucleotidyl  transferase  dUTP  nick  end  label- 
ing) can  be  used  to  assess  and  confirm  cell  death  (Fig.  3).  Thus, 
following  cardiac  ablation,  larvae  can  be  briefly  fixed  with  4  % 
PFA  solution,  washed  three  times  with  lx  PBS,  and  permeabi- 
lized  with  PBST  for  2  h  or  longer  at  room  temperature.  Next, 
50  uL  of  staining  solution  is  added,  and  the  larvae  are  incu- 
bated at  37  °C  for  1  h.  The  samples  are  then  examined  under 
the  microscope  (see  Note  3). 

3.3   Post-ablation  1.  The  optical  clarity  of  the  zebrafish  embryo/larvae  is  particu- 

Regeneration  Analysis  larly  useful  to  monitor  heart  regeneration  in  vivo  in  zebrafish 

(Fig.  2c,  c',  d,  d')  and  is  maintained  in  the  zebrafish  larvae  by 
preventing  the  pigmentation  of  the  zebrafish  using  PTU  (see 
Subheading  3.2,  step  1).  In  order  to  image  the  zebrafish  car- 
diac regeneration  in  vivo,  transfer  fish  to  a  1.5  mL  Eppendorf 
tube  that  contains  37  °C  pre-warmed  liquid  1  %  low  melting 
point  agarose  with  3^  drops  of  tricaine.  Transfer  the  anesthe- 
tized larvae  with  low  melt  agarose  using  a  pipette  onto  a  Mat- 
Tek  glass  bottom  dish  (^Subheading  2.4,  item  3).  Use  a  long 
flat  Eppendorf  gel  loading  pipette  tip  to  position  the  larvae  so 
that  the  entire  heart  can  be  observed.  This  must  be  done 
quickly  before  the  agarose  solidifies  (see  Note  4).  Once  the  fish 
is  positioned  and  agarose  solidifies,  the  larvae  can  then  be 
imaged  under  the  microscope  (see  Note  5).  Afterwards,  the 
agarose  can  be  broken  apart  with  forceps  to  free  the  larvae  for 
transfer  back  to  egg  water.  Regeneration  normally  occurs  by 
3^4  days  post-ablation. 


4  Notes 

1.  Shake  vigorously  until  MTZ  is  dissolved.  The  MTZ  may  be 
more  difficult  to  completely  dissolve  in  a  higher  stock  solution 
concentration.  MTZ  may  be  toxic  at  high  concentrations  or 
after  prolonged  exposure,  so  use  gloves  when  preparing  MTZ 
solution. 

2.  The  concentration  and  incubation  times  with  MTZ  solution 
should  be  experimentally  determined  based  on  the  age  of  the 
fish  and  the  degree  of  damage  desired.  For  example,  while  2  h 
5  mM  MTZ  treatments  at  3  dpf  is  sufficient  to  cause  substan- 
tial damage  to  the  heart,  it  may  require  6-8  h  at  5  dpf  to 
achieve  the  same  degree  of  damage. 
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3.  For  better  penetration,  open  the  pericardial  sac  with  forceps 
before  permeabilization  or  proteinase  K  digest  followed  by  a 
4  %  PFA  re-fixation. 

4.  Do  not  transfer  too  many  fish  at  the  same  time  otherwise  the 
agarose  will  solidify  before  all  the  fish  are  positioned.  If  work- 
ing with  an  inverted  microscope,  position  3-4  dpf  larvae  with 
the  heads  down  close  to  the  glass  bottom  slide  and  tilt  the  tail 
up  45°.  For  5  dpf  or  later,  rotate  the  body  to  the  side  as  well. 

5.  For  time -lapse  imaging,  use  0.5  %  low  melt  agarose  and  as  little 
agarose  as  possible  to  allow  for  better  diffusion  of  egg  water  to 
the  fish.  Fill  the  dish  with  egg  water  and  change  it  every  day  to 
keep  the  fish  alive. 


References 

1.  Hsieh  PC,  Segers  VF,  Davis  ME,  MacGillivray 
C,  Gannon  J,  Molkentin  JD,  Robbins  J,  Lee 
RT  (2007)  Evidence  from  a  genetic  fate- 
mapping  study  that  stem  cells  refresh  adult 
mammalian  cardiomyocytes  after  injury.  Nat 
Med  13:970-974 

2.  Bergmann  O,  Bhardwaj  RD,  Bernard  S, 
Zdunek  S,  Barnabe-Heider  F,  Walsh  S, 
Zupicich  J,  Alkass  K,  Buchholz  BA,  Druid  H, 
Jovinge  S,  Frisen  J  (2009)  Evidence  for  cardio- 
myocyte  renewal  in  humans.  Science 
324:98-102 

3.  Bersell  K,  Arab  S,  Haring  B,  Kuhn  B  (2009) 
Neuregulinl/ErbB4  signaling  induces  cardio- 
myocyte  proliferation  and  repair  of  heart  injury. 
Cell  138:257-270 

4.  Major  RJ,  Poss  KD  (2007)  Zebrafish  heart 
regeneration  as  a  model  for  cardiac  tissue 
repair.  Drug  Discov  Today  Dis  Models  4: 
219-225 

5.  Mochii  M,  Taniguchi  Y,  Shikata  I  (2007)  Tail 
regeneration  in  the  Xenopus  tadpole.  Dev 
Growth  Differ  49:155-161 

6.  Lin  G,  Chen  Y,  Slack  JM  (2007)  Regeneration 
of  neural  crest  derivatives  in  the  Xenopus  tad- 
pole tail.  BMC  Dev  Biol  7:56 

7.  Oberpriller  JO,  Oberpriller  JC,  Aafedt  BC 
(1987)  Changes  in  binucleation  and  cellular 
dimensions  of  rat  left  atrial  myocytes  after 
induced  left  ventricular  infarction.  Am  J  Anat 
179:285-290 

8.  Oberpriller  JO,  Oberpriller  JC  (1974) 
Response  of  the  adult  newt  ventricle  to  injury. 
J  Exp  Zool  187:249-253 

9.  Flink  IL  (2002)  Cell  cycle  reentry  of  ventricu- 
lar and  atrial  cardiomyocytes  and  cells  within 
the  epicardium  following  amputation  of  the 
ventricular  apex  in  the  axolotl,  Amblystoma 
mexicanum:  confocal  microscopic  immunoflu- 


orescent  image  analysis  of  bromodeoxyuridine- 
labeled  nuclei.  Anat  Embryol  (Berl) 
205:235-244 

10.  Endo  T,  Yoshino  J,  Kado  K,  Tochinai  S  (2007) 
Brain  regeneration  in  anuran  amphibians.  Dev 
Growth  Differ  49:121-129 

11.  Mescher  AL,  Neff  AW  (2006)  Limb  regenera- 
tion in  amphibians:  immunological  consider- 
ations. ScientificWorldJournal  6(Suppl  1): 
1-11 

12.  Kragl  M,  Knapp  D,  Nacu  E,  Khattak  S,  Maden 
M,  Epperlein  HH,  Tanaka  EM  (2009)  Cells 
keep  a  memory  of  their  tissue  origin  during 
axolotl  limb  regeneration.  Nature  460:60-65 

13.  Poss  KD,  Wilson  LG,  Keating  MT  (2002) 
Heart  regeneration  in  zebrafish.  Science 
298:2188-2190 

14.  Lepilina  A,  Coon  AN,  Kikuchi  K,  Holdway  JE, 
Roberts  RW,  Burns  CG,  Poss  KD  (2006)  A 
dynamic  epicardial  injury  response  supports 
progenitor  cell  activity  during  zebrafish  heart 
regeneration.  Cell  127:607-619 

15.  Poss  KD  (2007)  Getting  to  the  heart  of  regen- 
eration in  zebrafish.  Semin  Cell  Dev  Biol 
18:36-45 

16.  Poss  KD,  Shen  J,  Nechiporuk  A,  McMahon  G, 
Thisse  B,  Thisse  C,  Keating  MT  (2000)  Roles 
for  Fgf  signaling  during  zebrafish  fin  regenera- 
tion. Dev  Biol  222:347-358 

17.  Jopling  C,  Sleep  E,  Raya  M,  Marti  M,  Raya  A, 
Belmonte  JC  (2010)  Zebrafish  heart  regenera- 
tion occurs  by  cardiomyocyte  dedifferentiation 
and  proliferation.  Nature  464:606-609 

1 8 .  Kikuchi  K,  Holdway  JE,  Werdich  AA,  Anderson 
RM,  Fang  Y,  Egnaczyk  GF,  Evans  T,  Macrae 
CA,  Stainier  DY,  Poss  KD  (2010)  Primary 
contribution  to  zebrafish  heart  regeneration  by 
gata4(  +  )  cardiomyocytes.  Nature  464: 
601-605 


Zebrafish  Cardiac  Injury  and  Regeneration 


473 


19.  Gonzalez-Rosa  JM,  Martin  V,  Peralta  M, 
Torres  M,  Mercader  N  (2011)  Extensive  scar 
formation  and  regression  during  heart  regen- 
eration after  cryoinjury  in  zebrafish. 
Development  138:1663-1674 

20.  Porrello  ER,  Mahmoud  AI,  Simpson  E,  Hill  JA, 
Richardson  JA,  Olson  EN,  Sadek  HA  (2011) 
Transient  regenerative  potential  of  the  neonatal 
mouse  heart.  Science  331:1078-1080 

21.  Lien  CL,  Schebesta  M,  Makino  S,  Weber  GJ, 
Keating  MT  (2006)  Gene  expression  analysis 
of  zebrafish  heart  regeneration.  PLoS  Biol 
4:e260 

22.  Robey  TE,  Murry  CE  (2008)  Absence  of 
regeneration  in  the  MRL/MpJ  mouse  heart 
following  infarction  or  cryoinjury.  Cardiovasc 
Pathol  17:6-13 

23.  Wang  J,  Panakova  D,  Kikuchi  K,  Holdway  JE, 
Gemberling  M,  Burris  JS,  Singh  SP,  Dickson 
AL,  Lin  YE,  Sabeh  MK,  Werdich  AA,  Yelon  D, 
Macrae  CA,  Poss  KD  (2011)  The  regenerative 
capacity  of  zebrafish  reverses  cardiac  failure 
caused  by  genetic  cardiomyocyte  depletion. 
Development  138:3421-3430 

24.  Akazawa  H,  Komazaki  S,  Shimomura  H, 
Terasaki  F,  Zou  Y,  Takano  H,  Nagai  T,  Komuro 
I  (2004)  Diphtheria  toxin-induced  autophagic 
cardiomyocyte  death  plays  a  pathogenic  role  in 
mouse  model  of  heart  failure.  J  Biol  Chem 
279:41095^1103 

25.  Breitman  ML,  Clapoff  S,  Rossant  J,  Tsui  LC, 
Glode  LM,  Maxwell  IH,  Bernstein  A  (1987) 
Genetic  ablation:  targeted  expression  of  a  toxin 
gene  causes  microphthalmia  in  transgenic  mice. 
Science  238:1563-1565 

26.  Brockschnieder  D,  Lappe-Siefke  C,  Goebbels 
S,  Boesl  MR,  Nave  KA,  Riethmacher  D  (2004) 
Cell  depletion  due  to  diphtheria  toxin  frag- 
ment A  after  Cre-mediated  recombination. 
Mol  Cell  Biol  24:7636-7642 

27.  Lee  P,  Morley  G,  Huang  Q,  Fischer  A,  Seiler  S, 
Horner  JW,  Factor  S,  Vaidya  D,  Jalife  J, 
Fishman  GI  (1998)  Conditional  lineage  abla- 
tion to  model  human  diseases.  Proc  Natl  Acad 
Sci  USA  95:11371-11376 

28.  Saito  M,  Iwawaki  T,  Taya  C,  Yonekawa  H,  Noda 
M,  Inui  Y,  Mekada  E,  Kimata  Y,  Tsuru  A,  Kohno 
K  (2001)  Diphtheria  toxin  receptor- mediated 
conditional  and  targeted  cell  ablation  in  trans- 
genic mice.  Nat  Biotechnol  19:746-750 


29.  Stanger  BZ,  Tanaka  AJ,  Melton  DA  (2007) 
Organ  size  is  limited  by  the  number  of  embry- 
onic progenitor  cells  in  the  pancreas  but  not 
the  liver.  Nature  445:886-891 

30.  Curado  S,  Anderson  RM,  Jungblut  B,  Mumm 
J,  Schroeter  E,  Stainier  DY  (2007)  Conditional 
targeted  cell  ablation  in  zebrafish:  a  new  tool 
for  regeneration  studies.  Dev  Dyn  236: 
1025-1035 

31.  Medico  E,  Gambarotta  G,  Gentile  A,  Comoglio 
PM,  Soriano  P  (2001)  A  gene  trap  vector  sys- 
tem for  identifying  transcriptionally  responsive 
genes.  Nat  Biotechnol  19:579-582 

32.  Pisharath  H,  Rhee  JM,  Swanson  MA,  Leach 
SD,  Parsons  MJ  (2007)  Targeted  ablation  of 
beta  cells  in  the  embryonic  zebrafish  pancreas 
using  E.  coli  nitroreductase.  Mech  Dev  124: 
218-229 

33.  Laflamme  MA,  Murry  CE  (2011 )  Heart  regen- 
eration. Nature  473:326-335 

34.  Davison  JM,  Akitake  CM,  Goll  MG,  Rhee  JM, 
Gosse  N,  Baier  H,  Halpern  ME,  Leach  SD, 
Parsons  MJ  (2007)  Transactivation  from 
Gal4-VP16  transgenic  insertions  for  tissue- 
specific  cell  labeling  and  ablation  in  zebrafish. 
Dev  Biol  304:811-824 

35.  Anderson  RM,  Bosch  JA,  Goll  MG,  Hesselson 
D,  Dong  PD,  Shin  D,  Chi  NC,  Shin  CH, 
Schlegel  A,  Halpern  M,  Stainier  DY  (2009) 
Loss  of  Dnmtl  catalytic  activity  reveals  multiple 
roles  for  DNA  methylation  during  pancreas 
development  and  regeneration.  Dev  Biol 
334:213-223 

36.  Beis  D,  Stainier  DY  (2006)  In  vivo  cell  biology: 
following  the  zebrafish  trend.  Trends  Cell  Biol 
16:105-112 

37.  Stoick-Cooper  CL,  Weidinger  G,  Riehle  KJ, 
Hubbert  C,  Major  MB,  Fausto  N,  Moon  RT 
(2007)  Distinct  Wnt  signaling  pathways  have 
opposing  roles  in  appendage  regeneration. 
Development  134:479-489 

38.  Jin  SW,  Beis  D,  Mitchell  T,  Chen  JN,  Stainier 
DY  (2005)  Cellular  and  molecular  analyses  of 
vascular  tube  and  lumen  formation  in  zebrafish. 
Development  132:5199-5209 

39.  de  Pater  E,  Clusters  L,  Marques  SR,  Lin  YF, 
Garavito-Aguilar  ZV,  Yelon  D,  Bakkers  J 
(2009)  Distinct  phases  of  cardiomyocyte  differ- 
entiation regulate  growth  of  the  zebrafish 
heart.  Development  136:1633-1641 


Part  VI 


Wound  Healing  Cell  Biology 


Chapter  28 


Quantifying  Alterations  in  Cell  Migration:  Tracking 
Fluorescently-Tagged  Migrating  Cells  by  FACs 
and  Live-Imaging 

Rachael  Z.  Murray 


Abstract 

Cell  migration  is  fundamental  to  many  different  physiological  processes  including  embryonic  development, 
inflammation  and  wound  healing.  Given  the  range  and  importance  cell  migration  plays  a  number  of  assays 
have  been  developed  to  measure  different  aspects  of  cell  migration.  Here  we  describe  two  different  meth- 
ods to  analyze  cell  migration.  The  first  method  analyzes  the  migration  of  fluorescently  tagged  cells  using 
Boyden  chambers  and  FACs  and  the  second  looks  at  migration  properties  using  time-lapse  microscopy. 

Key  words  Cell  migration,  Live-imaging,  Boyden  chamber,  Fluorescence 


1  Introduction 

1.1  Cell  Migration  The  skin  serves  as  a  protective  barrier  to  the  environment  and  loss  of 
and  Wound  its  integrity  leads  to  a  typical  wound  healing  response.  Cell  migration 

Healing  Assays  is  a  key  component  of  many  of  the  stages  of  this  repair  response,  par- 

ticularly in  the  inflammatory  stage,  where  many  different  immune 
cells  migrate  into  the  site  of  injury,  and  in  the  reepithelialization  stage 
of  repair.  Like  wound  healing,  migration  is  also  a  highly  dynamic  and 
complex  process  that  can  be  separated  into  distinct  steps  including; 
the  extension  of  membrane  towards  the  direction  of  movement, 
formation  of  adhesive  contacts  at  the  leading  edge,  deadhesion  at  the 
rear  of  the  cell,  and  cytoskeletal  contraction  to  propel  the  cell  forward 
[1].  Cells  can  migrate  as  a  sheet  of  cells,  such  as  the  movement  of 
keratinocyte  sheets  during  the  reepithelialization  of  the  wound,  or  as 
individual  cells,  for  instance  the  infiltration  of  sites  of  injury  by  mac- 
rophages [1—4].  Migrating  cells  are  often  drawn  toward  a  gradient  of 
chemoattractive  factors  and  the  surfaces  they  must  migrate  over  may 
differ  depending  on  where  in  the  body  they  are  targeted. 

Given  the  complexity  of  migration,  the  number  of  different 
migratory  cell  types,  and  the  fundamental  role  that  it  plays  in  many 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 
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different  physiological  processes,  it  is  not  surprising  that  a  variety 
of  assays  have  been  developed  to  look  at  the  different  aspects  of  cell 
migration.  It  is  near  impossible  to  find  an  assay  to  analyze  the 
migratory  properties  of  cells  that  can  encompass  all  of  the  different 
factors,  such  as  migration  of  individual  and  sheets  of  cells,  and  so 
the  choice  of  assay  should  be  determined  by  the  questions  you 
want  to  answer.  For  example,  to  determine  whether  your  protein 
of  interest  can  alter  reepithelialization  then  the  basic  scratch  wound 
assay  may  be  the  one  for  you  [5],  while  determining  whether  your 
protein  of  interest  can  act  as  a  chemoattractant  or  your  cells  are 
altered  in  their  ability  to  migrate  towards  a  chemoattractant  use  of 
the  Boyden  chamber  or  a  derivative  of  this  chamber  may  be  your 
best  choice  [6]. 

Often  the  tools  we  have  at  our  disposal  dictate  how  we  can  best 
analyze  the  effect  of  our  protein  of  interest  on  migration  and  for 
many  who  lack  a  transgenic  or  knockout  mouse  the  transient  expres- 
sion of  these  proteins  in  cells  is  the  way  to  go.  Proteins  can  also  be 
stably  expressed  in  cell  lines  but  for  some  proteins  overexpressing  or 
loss  can  be  detrimental  to  the  cells  or  altering  their  expression  may 
lead  to  the  up  regulation  of  other  family  members  over  time  that  can 
compensate  for  loss  of  function,  as  is  the  case  with  many  of  the  pro- 
teins may  laboratory  works  with.  For  this  reason  we  often  transiendy 
transfect  our  gene  of  interest  and  then  measure  its  effect  on  cell 
migration.  Unfortunately  the  transient  transfection  of  your  gene  of 
interest  does  not  lead  to  its  expression  in  every  cell  often  making 
subde  changes  harder  to  detect.  We  show  here  how  using  FACs  we 
have  modify  the  conventional  Boyden  chamber  to  analyzes  altera- 
tions in  only  the  cells  expressing  fluorescently  tagged  wild-type  and 
mutant  protein  of  interest.  Additionally,  we  show  how  to  image  live 
cells  expressing  a  GFP-tagged  protein  of  interest  and  analyze  the  data 
to  look  at  alterations  in  speed  and  directionality. 

1.2  Boyden  Chamber  The  Boyden  chamber  is  one  of  the  most  common  assays  used  to 
and  its  Modified  measure  cell  migration.  These  chambers  are  often  used  to  study 

Derivatives  migration  towards  a  higher  concentration  of  a  soluble  factor 

(chemotaxis)  or  for  migration  over  a  gradient  of  extracellular 
matrix  (ECM)  bound  chemoattractants  (haptotaxis)  [7,  8].  These 
properties  play  key  roles  during  a  number  of  physiological  pro- 
cesses such  as  the  inflammatory  phase  of  repair,  where  immune 
cells  are  guided  towards  to  site  of  injury  by  these  gradients,  and  in 
the  migration  of  keratinocytes  and  fibroblasts  over  the  ECM.  Many 
commercial  Boyden  chamber  inserts  are  available  malting  the 
procedure  relatively  easy.  This  method  is  also  less  time  consuming 
than  scratch  wound  assays,  where  cells  must  be  grown  to  conflu- 
ence prior  to  "wounding." 

The  assay  generally  involves  two  medium  filled  chambers 
separated  by  a  microporous  membrane,  the  lower  one  enclosing 
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media  with  a  chemoattractant  in  it  and  the  upper  one  containing 
the  cells  of  interest.  Cells  in  the  upper  chamber  are  able  to  migrate 
through  the  pores  of  the  membrane  towards  the  lower  chemoat- 
tractant filled  chamber.  The  time  for  this  to  occur  is  cell  type,  as 
well  as  chemoattractant,  dependent.  These  wells  can  also  be  coated 
in  individual  ECM  components  or  Matrigel™,  which  is  a  gelati- 
nous mixture  that  resembles  the  complex  ECM  environment 
found  in  many  tissues,  prior  to  the  start  of  the  assay.  Alternatively, 
wells  can  be  coated  in  a  layer  of  cells;  for  example,  the  plating  of 
immune  cells  on  to  a  confluent  layer  of  endothelial  cells  is  often 
used  to  study  the  passage  of  immune  cells  through  die  blood  vessel 
wall.  The  typical  method  involves  removing  the  cells  from  the 
upper  chamber,  fixing  the  membrane,  staining  with  a  dye  such  as 
hematoxylin  and  the  number  of  cells  that  have  migrated  to  the 
lower  side  of  the  membrane  can  then  be  counted.  We  provide  a 
quick  and  simple  method  using  FACs  analysis  to  determine  the 
effect  of  transiently  overexpressing  a  GFP-tagged  protein  on  the 
migration  of  cells  towards  a  chemoattractant  using  a  commercially 
available  Boy  den  chamber  (Coming's  Transwells)  [9]. 

When  selecting  your  choice  of  commercial  Boyden  chamber 
the  membrane  pore  size  you  choose  is  important  and  is  very  much 
cell  size  dependent.  The  pore  size  should  allow  for  active  transmi- 
gration through  the  membrane;  for  instance,  many  immune  cells 
are  small  and  a  3-5  um  pore  is  most  suitable,  while  the  larger  epi- 
thelial and  fibroblasts  may  require  the  larger  8  um  pore  size.  Several 
different  companies  provide  disposable  tissue  culture  plastic  inserts, 
such  as  Coming's  Transwell  inserts,  with  these  membranes  in 
them.  The  inserts  are  available  in  a  range  of  sizes  to  fit  different 
tissue  culture  wells,  allowing  you  to  reduce  the  number  of  cells 
if  necessary,  which  is  particularly  important  when  working  with  a 
limited  number  of  primary  cells  or  small  amounts  of  chemoattrac- 
tant. For  information  on  insert  sizes  and  the  membrane  pore  sizes 
available,  as  well  as  information  on  the  different  membrane  types 
for  specific  applications  see  the  individual  company  Web  sites. 

For  many  purposes,  such  as  for  testing  whether  your  protein  of 
interest  can  act  as  a  chemoattractant  during  wound  healing,  the 
commercial  inserts  are  appropriate,  however,  many  of  these  inserts, 
such  as  the  Transwells,  do  not  allow  for  the  live  imaging  of  the 
migratory  behavior  of  cells.  Being  able  to  see  how  migration  is 
altered  is  important  since  cells  have  the  ability  to  migrate  randomly 
or  directionally  and  a  reduced  number  of  cells  in  the  lower  well 
could  indicate  a  reduction  in  speed  or  alternatively  the  loss  of 
directionality.  To  overcome  this  problem  a  number  of  commer- 
cially available  devices  based  on  the  Boyden  chamber  have  been 
designed,  such  as  the  Dunn  Chamber  or  Ibidi's  chemotaxis  slides. 
These  devices  are  designed  for  use  under  a  microscope  and  stable 
state  linear  gradients  can  be  formed  in  their  chambers.  The  type  of 
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device  used  will  depend  on  the  questions  you  are  asking.  The  data 
from  these  slides  can  be  analyzed  in  a  similar  fashion  to  cells  grown 
on  coverslips  and  imaged  live  (see  below). 

1.3   Migration  of  Of  the  different  methods  used  to  study  cell  migration  the  scratch  - 

Individual  Cells  and  wound  healing  assay  is  perhaps  the  simplest  and  least  expensive 
Cell  Sheets  method  employed.  Importantly,  it  also  to  some  extent  has  been 

found  to  mimic  the  directional  migration  of  sheets  of  cells  seen  in 
vivo  during  wound  repair.  The  basic  method  involves  growing  a 
monolayer  of  cells  to  confluence  or  near  confluence  on  uncoated 
or  ECM  component-coated  dishes/coverslips  and  creating  a 
scratch,  typically  with  a  pipette  tip,  simulating  a  "wound."  Cells 
then  migrate  directionally  into  the  wound  (and  proliferate)  to  fill 
in  the  gap  and  new  cell-to-cell  contacts  are  established.  Depending 
on  different  factors,  such  as  cell  type,  extracellular  matrix  and 
wound  size,  closure  can  range  from  hours  to  more  than  a  day.  One 
of  the  main  advantages  of  this  method  is  that  sheets  of  cells  can  be 
analyzed  whereas  plating  on  the  Boyden  chambers  requires  these 
cell-to-cell  contacts  to  be  disrupted  prior  to  loading  in  the  cham- 
bers. This  method  is  most  commonly  used  to  determine  factors 
that  regulate  epidermal/dermal  migration  during  tissue  repair, 
such  as  cell-to-cell  contact  or  cell  to  ECM  contact.  It  has  been 
widely  used  to  study  the  directed  migration  of  both  loosely  con- 
nected populations  of  cells,  for  example  fibroblasts,  or  sheets  of 
attached  cells,  such  as  epithelial  cells. 

In  the  simplest  form  of  this  assay  cells  are  fixed  at  regular  intervals 
post  wounding,  then  imaged  and  the  wound  area  measured  to  get  a 
calculation  of  percentage  of  wound  closure  and  this  is  then  compared 
to  a  control  wound.  Again,  like  the  Boyden  chamber,  this  type  of 
analysis  gives  little  to  no  data  on  how  migration  is  altered,  (e.g.,  speed 
or  directionality).  Live-imaging  of  these  scratched  wounds  holds 
great  advantage  over  the  fixed  method  in  that  it  allows  researchers  to 
track  not  only  sheets  of  cells  but  to  analyze  individual  cells  during  this 
process.  Cells  overexpressing  fluorescent-tagged  wild-type  and 
mutant  proteins  can  be  imaged  live  at  the  edge  of  the  wound  and 
their  migration  tracks  compared  to  the  surrounding  cells  at  the  edge 
of  a  wound  and  to  control  cells  expressing  the  fluorescent- tag  alone. 
The  localization  of  the  nucleus  (for  cell  polarity)  or  the  fluorescently 
tagged  protein  within  the  cell  can  also  be  determined  at  the  different 
stages  of  migration.  This  allows  the  researcher  to  establish  the  func- 
tion of  specific  genes  in  regulating  directional  migration. 

We  provide  a  general  method  for  imaging  live  cells  expressing 
GFP-tagged  proteins  and  how  to  analyze  the  data  you  obtain 
to  calculate  speed  and  directionality  [10].  This  method  can  be 
modified  to  suit  your  cell  type  and  can  be  used  to  image  individual 
cells,  cells  in  sheets  and  also  imaging  in  the  commercial  modified 
Boyden  chemotaxis  slides  mentioned  above. 
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2  Materials 


2.1  Migration 
Analysis  of 
Fluorescently  Tagged 
Cells  Using  the  Boy  den 
Chamber 

2. 1. 1  Coating  Permeable 
Supports 


2.1.2  Transient 
Transfection  of  Cells  with 
the  GFP-Tagged  Gene  of 
Interest  and  Setting  Up 
Chambers  with  Cells 


2.1.3  Boyden  Chamber 
Cell  Retrieval  and  Flow 
Cytometry  Analysis  of 
GFP-Expressing  Cells 


1.  Permeable  supports:  we  use  Costar  Transwell  supports  6.5  mm 
diameter,  0.5-0.8  um  and  polycarbonate  membrane  for  our 
EAW264.7  macrophages. 

2.  A  12 -well  tissue  culture  plate. 

3.  Sterile  phosphate  buffered  saline  (PBS). 

4.  Sterile  fibronectin  (cell  culture  grade).  Make  up  to  10  ug/ml 
in  sterile  PBS  and  store  at  -20  °C  until  use. 

5.  Parafilm  to  seal  the  plates  for  storage  at  4  °C  if  you  are  not 
using  them  immediately. 

1.  We  routinely  use  RAW264.7  macrophages  (ATCC  TIB-71™); 
however,  this  method  can  easily  be  adapted  to  suit  your  pre- 
ferred cell  type. 

2.  Pre -warmed  KAW  media  (RPMI  containing  10  %  fetal  calf  serum 
and  2  mML-GlutaMAX). 

3.  Pre -warmed  OptiMEM. 

4.  Lipofectamine  2000  or  the  transfection  reagent  that  you  know 
works  well  for  your  cell  type. 

5.  The  plasmid  of  interest  containing  the  GFP -tagged  gene  of 
interest  and  the  same  plasmid  with  GFP  alone  in  it  as  a 
control. 

6.  Tissue  culture  dishes  (6  cm). 

7.  Sterile  PBS. 

8.  Sterile  EDTA  (0.5  mM  EDTA  in  PBS). 

9.  Sterile  forceps. 

10.  Sterile  15  ml  centrifuge  tubes. 

1.  Pre -warmed  BAW  media  (RPMI  containing  10  %  fetal  calf 
serum  and  2  mML-GlutaMAX). 

2.  Room  temperature  sterile  PBS. 

3.  Ice-cold  PBS. 

4.  N-formyl-Met-Leu-Phe  (fMLP)  stock  solution  of  10  mM  in 
DMSO  and  stored  at  -20  °C. 

5.  Pre -warmed  0.25  %  Trypsin-EDTA  mixture. 

6.  Small  sterile  rubber  scrapers. 

7.  FACs  tubes. 
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2.2  Analysis  of  1 
Cell  Migration 
Using  Time-Lapse 
Microscopy  2 

2.2. 1  Fibronectin  Coating  3 
of  MatTek  Dishes 

4 
5 

2.2.2  Cell  Culture  and  1 
Transient  Transfection 

2 

3 
4 

5 

6 

7 
8 

9 

2.2.3  Live-Imaging  and  1 
Analysis  Software  y 


Tissue  culture  dish  with  glass  coverslip:  we  used  MatTek  Glass 
bottom  35  mm  culture  dishes  with  a  14  mm  microwell  con- 
taining a  cover  glass. 

Sterile  phosphate  buffered  saline  (PBS). 

Filter-sterilized  poly-L-lysine  solution  at  50  ug/ml  in  PBS  and 
stored  at  4  °C. 

Fibronectin,  (cell  culture  grade),  made  up  to  10  ug/ml  in  sterile 
PBS  and  stored  at  -20  °C  until  use. 

Parafilm  to  seal  the  plate  for  storage. 

We  routinely  use  RAW264.7  macrophages  (ATCC  TIB-71™) 
but  this  method  can  easily  be  adapted  to  suit  your  preferred 
cell  type. 

Pre -warmed  KAW264.7  media  (RPMI  1640  with  10  %  fetal 
bovine  serum  and  2  mML-GlutaMAX). 

Pre -warmed  OptiMEM. 

Lipofectamine  2000  or  the  transfection  reagent  that  you  know 
works  well  for  your  cell  type. 

A  plasmid  containing  the  GFP-tagged  gene  of  interest  and  the 
same  plasmid  with  GFP  alone  in  it  as  a  control. 

Pre -warmed  sterile  EDTA  (0.5  mM  in  PBS). 

Pre -warmed  sterile  PBS. 

Sterile  N-formyl-Met-Leu-Phe  (fMLP)  10  mM  stock  solution 
in  DMSO,  stored  at  -20  °C. 

Sterile  15  ml  centrifuge  tubes. 

Pre -warmed  C02  independent  media. 

A  microscope  adapted  for  time-lapse  imaging.  We  use  an  Olympus 
1X81  Inverted  microscope,  housed  in  an  environmental  chamber 
heated  to  37  °C  (a  heated  stage  could  also  be  used),  coupled  to  an 
ORCA  ERG  cooled  CCD  camera  with  an  X-cite  fluorescent  light 
source.  Our  set  up  uses  Metamorph  V7.6  imaging  software  to 
capture  images.  The  microscope  has  an  automated  stage,  which, 
along  with  Metamorph,  allows  us  to  capture  multiple  stage  posi- 
tions at  each  time  point  with  approximately  10  cells  per  position. 

ImageJ,  which  is  a  free  Java-based  image -processing  program 
developed  at  the  National  Institutes  of  Health  in  the  US  and 
can  be  downloaded  at  http://rsbweb.nih.gov/ij/download. 
html.  ImageJ  runs  on  several  platforms  including  Unix,  Linux, 
Windows  and  Mac  OS  X.  There  are  numerous  plug-ins  freely 
available  from  the  ImageJ  Web  page  and  you  will  need  the  man- 
ual tracking  one  http://rsb.info.nih.gov/ij/plugins/track/ 
track.html  as  well  as  Ibidi's  free  chemotaxis  tool  http://www. 
ibidi.de/ applications /ap_chemo  .html . 
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3  Methods 


3.1  Migration 
Analysis  of 
Fluorescently  Tagged 
Cells  Using  the  Boy  den 
Chamber 

3. 1. 1  Coating  Permeable 
Supports 


3. 1.2  Transient 
Transfection  of  Cells 
with  GFP-Tagged  Gene 
of  Interest 


1.  Place  6.5  mm  Transwell  inserts  in  a  12-well  plate  using  sterile 
forceps. 

2.  Coat  the  underside  of  the  insert  by  adding  650  ul  of  10  ug/ml 
fibronectin  (or  your  choice  of  ECM  component)  in  PBS  to  the 
lower  well  and  gently  lower  the  insert  at  an  angle  into  place, 
being  careful  not  to  trap  any  bubbles  between  the  liquid  and 
membrane. 

3.  Incubate  for  3  h  at  37  °C. 

4.  Using  a  pipette  transfer  the  fibronectin  to  a  new  tube  for  reuse. 

5.  Wash  three  times  by  pipetting  650  ul  of  sterile  PBS  in  the  lower 
well  and  using  a  glass  Pasteur  pipette  and  a  vacuum  pump  to 
remove  the  washes. 

6.  The  supports  can  either  be  used  immediately  or  can  be  stored 
at  4  °C  in  a  12-well  plate  that  is  sealed  with  Parafilm  to  prevent 
the  plates  drying  out  until  use. 

1.  Seed  KAW264.7  macrophages  at  2.5  xlO6  onto  a  6  cm  cell 
culture  dish  and  cultured  overnight  in  5  ml  of  BAW264.7 
media  in  a  humidified  incubator  at  37°  with  5  %  C02. 

2.  In  a  sterile  tube  mix  18  ul  of  Lipofectamine  2000  to  0.5  ml  of 
OptiMEM  and  incubate  for  5  min. 

3.  In  a  second  sterile  tube  mix  2.25  ug  DNA  into  0.5  ml  of 
OptiMEM  and  then  add  the  pre-incubated  Lipofectamine 
mixture  to  this  tube. 

4.  Incubate  for  20  min. 

5.  Remove  the  media  from  the  6  cm  cell  culture  dish,  wash  once  in 
2  ml  of  OptiMEM  and  then  add  4  ml  of  OptiMEM  to  the  plate. 

6.  Add  the  Lipofectamine-DNA  mix  to  the  6  cm  cell  culture  dish 
and  incubate  for  3  h. 

7.  Remove  the  media  and  replace  with  5  ml  of  RAW264.7  media 
for  2-3  h. 


3. 1.3  Assembling  1 .  Assemble  the  Transwells  in  triplicate  in  the  12-well  tissue  culture 

the  Wells  dish  for  each  condition  so  that  you  have  three  representative 

samples  for  quantification.  Also  set  up  control  wells  with  no 
insert,  either  in  die  same  plate  or  in  a  new  plate. 

2.  Load  650  ul  of  RAW264.7  media  containing  100  nM  fMLP  as 
a  chemoattractant  into  the  lower  chamber  being  careful  so  that 
no  media  spills  into  the  upper  chamber.  The  media  should 
form  a  slight  positive  meniscus  when  the  well  is  filled. 

3 .  Ensure  that  there  are  no  air  bubbles  present  in  the  media,  if  so 
use  a  sterile  needle  to  burst  them.  Place  the  Transwell  insert  in 
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the  well  at  a  slight  angle  and  lower  into  place  making  sure  that 
the  media  touches  the  lower  membrane  and  that  there  are  no 
bubbles  between  it  and  the  lower  membrane. 

The  cells  should  be  kept  in  the  dark  whenever  possible. 

1.  Remove  the  media  from  the  transiently  transfected  cells  and 
wash  with  5  ml  of  sterile  PBS.  Depending  on  cell  type  and 
chemoattractant  you  might  need  to  serum-starve  your  cells 
prior  to  this  step  as  fetal  calf  serum  contains  factors  that  can 
effect  migration. 

2.  Incubate  the  cells  with  3  ml  of  sterile  0.5  mM  EDTA  in  PBS 
for  5  min  at  37  °C. 

3.  Using  a  sterile  rubber  cell  scraper  gently  detach  the  cells  from 
the  plate  and  transfer  to  a  sterile  15  ml  centrifuge  tube.  Add  5  ml 
media  to  the  plate  to  collect  any  remaining  cells  and  transfer  to 
the  same  tube. 

4.  Ensure  that  the  cells  are  thoroughly  resuspended  by  passaging 
five  times  through  a  serological  pipette.  Take  a  sample  for  cell 
counting  noting  the  volume  in  the  tube.  Add  an  equal  volume 
of  Trypan  Blue  to  the  sample.  This  stains  the  dead  cells  blue 
and  ensures  you  count  only  viable  cells.  Using  a  hemocytom- 
eter  and  microscope  determine  the  cell  density.  The  number  of 
cells  in  the  center  25  squares  of  the  hemocytometer  is  equal  to 
number  of  cells  x  104  cells  per  ml.  Do  not  forget  to  multiple  by  2 
to  factor  in  the  Typan  Blue  dilution. 

5.  Centrifuge  the  cells  at  300  x^in  a  benchtop  centrifuge  at  room 
temperature. 

6.  Aspirate  the  media  using  a  glass  pipette  and  vacuum  pump  and 
carefully  resuspend  cells  at  a  density  of  5  x  106  cells/ml. 

7.  Plate  100  ul  of  the  resuspended  cell  mixture  (i.e.,  5xl05  cells) 
into  the  upper  well.  To  load  the  upper  chamber,  hold  the  pipette 
so  that  the  end  of  the  pipette  tip  is  against  the  side  of  the  well  just 
above  the  membrane  (do  not  touch  the  membrane)  and  expel 
the  liquid  from  the  pipette  tip.  Plate  each  sample  in  triplicate. 

8.  Also  seed  cells  at  the  same  density  into  a  well  without  a  chamber 
so  that  you  can  determine  the  percentage  of  viable  GFP-positive 
cell  loaded  into  the  wells. 

9.  Incubate  the  plate(s)  in  a  humidified  incubator  at  37  °C  with 
5  %  C02  for  18  h. 

3.1.5  Harvesting  Cells         Again  the  cells  should  be  kept  in  the  dark  whenever  possible. 
and  FACs  Analysis  (a }  For  mch  Tmnswdi 

1.  Transfer  the  media  from  each  well  into  labeled  FACs  tube 
placed  on  ice.  Cover  the  ice-box  in  foil  to  reduce  exposure  of 
the  GFP -expressing  cells  to  light. 


3. 1.4  Loading  the  Upper 
Chamber  and  Control  Wells 
with  Cells 
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2.  Remove  each  Transwell  from  the  12-well  plate  one  by  one  and 
using  a  cotton  bud  remove  the  cells  from  the  upper  surface. 

3.  Add  650  ul  PBS  to  the  lower  well  and  wash  the  lower  membrane 
by  placing  it  in  the  well. 

4.  Transfer  the  PBS  to  the  same  labeled  FACs  tube. 

5.  Add  650  ul  of  the  pre-warmed  0.25  %  Trypsin-EDTA  mixture 
to  the  lower  chamber  with  the  insert  and  incubate  at  37  °C  for 
5  min.  Again  ensure  that  there  are  no  air  bubbles  between  the 
membrane  and  the  liquid  in  the  lower  well. 

6.  Remove  the  Transwell  insert  and  using  a  small  rubber  scraper 
remove  the  cells  from  the  lower  membrane,  continue  washing 
the  scraper  in  the  media  remaining  in  the  well  to  transfer  the 
cells  from  the  scraper. 

7.  Transfer  the  Trypsin-EDTA  mixture  containing  cells  to  the 
same  labeled  FACs  tube  and  add  2  ml  of  RAW264.7  media 
containing  fetal  calf  serum  to  inactivate  the  trypsin. 

8.  Wash  any  remaining  cells  from  the  well  and  the  membrane  by 
adding  650  ul  to  the  well  containing  the  insert  and  transfer  to 
the  same  FACs  tube. 

(b)  For  the  control  wells 

1.  Transfer  the  media  from  each  well  into  a  labeled  FACs  tube 
placed  on  ice. 

2.  Add  650  ul  of  0.25  %  Trypsin-EDTA  to  the  control  well  and 
incubate  at  37  °C  for  5  min. 

3.  Scrape  the  remaining  cells  from  the  bottom  of  the  control 
wells  with  a  rubber  scraper  and  transfer  the  Trypsin-EDTA 
mixture  containing  cells  to  the  same  labeled  FACs  tube.  Add 
2  ml  of  RAW264.7  media  containing  fetal  calf  serum  to  inacti- 
vate the  trypsin. 

4.  Collect  any  remaining  cells  from  the  well  by  adding  1ml  of 
RAW264.7  media  to  the  well  and  transferring  the  liquid  to  the 
same  labeled  FACs  tube. 

3.1.6  FACs  Analysis  1.  Centrifuge  the  FACs  tubes  at  300  xjj  in  a  benchtop  centrifuge 

at  4  °C  and  resuspend  the  pellet  in  300  ul  ice  cold  PBS.  Using 
a  pipette  ensure  that  you  have  a  single  cell  suspension  by  bring 
the  cells  up  and  down  in  the  pipette  tip. 

2.  Count  the  percentage  of  GFP -positive  cells  in  the  control  wells 
that  have  migrated  to  the  lower  chamber  using  a  FACs  machine 
(using  the  appropriate  method  and  software  for  the  machine 
you  have  available). 

3.1.7  Analysis  of  Results      The  fold  change  in  migration  of  GFP -expressing  cells  is  equal 

to  the  %  GFP-positive  cells  migrating  to  the  lower  well  divided  by 
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the  %  GFP -positive  cells  in  the  control  wells.  This  can  then  be 
normalized  to  cells  transfected  with  GFP-alone  as  a  control  to  get 
a  fold  change  in  migration.  For  example,  if  the  percentage  of  GFP- 
alone  expressing  cells  in  the  control  well  is  18  %  and  17  %  in  the 
lower  chamber  (17/18  =  0.94),  while  the  percentage  of  GFP- 
tagged  protein  X  expressing  cells  is  15  %  in  the  control  well  and 
8  %  in  the  lower  chamber  (8/15  =  0.53)  then  there  is  a  1.77  fold 
reduction  in  migration  (0.94/0.53  =  1.77). 

Aseptic  techniques  must  be  adhered  to  throughout  the  procedures 
until  all  images  have  been  captured.  Try  to  keep  the  transfected 
cells  in  the  dark  whenever  possible. 


3.2. 1  Fibronectin  Coating 
MatTek  Dishes 


Thaw  enough  poly-L-lysine  and  fibronectin  to  cover  the  base 
of  the  dish  for  coating.  For  the  MatTek  plates  2  ml  is  sufficient 
volume. 

Incubate  the  plate  in  poly-L-lysine  (50  ug/ml  in  PBS)  for  2  h 
at  37  °C. 

Remove  the  poly-L-lysine  from  the  dish  and  wash  the  plate 
three  times  with  2  ml  of  sterile  PBS. 

Add  2  ml  of  fibronectin  (10  ug/ml  in  PBS)  to  the  plate  and 
incubate  for  3  h  at  37  °C  or  4  °C  overnight. 

Remove  the  fibronectin  from  the  dish  and  wash  the  plate  three 
times  with  2  ml  of  sterile  PBS. 

The  coated  plates  can  either  be  used  immediately  or  can  be 
sealed  with  Parafilm  to  prevent  the  plates  drying  out  and  stored 
at  4  °C  until  use. 


3.2.2  Transient 
Transfection  of  Cells  with 
the  Gfp-Tagged  Gene  of 
Interest 


Seed  BAW264.7  cells  at  0.5  xlO6  cells  in  2  ml  of  RAW264.7 
media  onto  the  MatTek  culture  dish  and  cultured  overnight. 

In  a  sterile  tube  mix  4.5  ul  of  Lipofectamine  2000  to  0.5  ml  of 
OptiMEM  and  incubate  for  5  min. 

In  a  second  sterile  tube  mix  1.5  ug  DNA  into  0.5  ml  of 
OptiMEM  and  then  add  the  pre-incubated  Lipofectamine 
2000  mixture  to  this  tube. 

Incubate  for  20  min. 

Remove  media  from  the  MatTek  culture  dish  and  wash  once 
with  2  ml  of  OptiMEM.  Add  1  ml  of  OptiMEM  to  the  plate 
and  place  back  in  the  incubator  until  you  are  ready  to  add  the 
Lipofectamine  2000-DNA  mixture  to  the  cells. 

Add  the  Lipofectamine  2000-DNA  mixture  to  the  MatTek 
culture  dish  and  culture  at  37  °C  5  %  C02  for  3  h. 

Remove  the  media  and  replace  with  normal  RAW264.7  media 
for  2-3  h. 


Measuring  Migration  487 


3.2.3  Imaging  Cells  Note  the  cells  should  be  kept  in  the  dark  whenever  possible. 

1.  Pre -warm  the  microscope  to  37  °C. 

2.  Remove  the  media  from  the  cells  using  a  glass  Pasteur  pipette 
and  vacuum  pump,  and  replace  with  2  ml  of  pre-warmed  C02 
independent  media. 

3.  Immediately  prior  to  taking  the  plate  to  the  microscope  add 
100  nM  fMLP  (1:100  dilution  from  the  stock  solution  in  C02 
media,  made  fresh  each  time,  then  a  further  1:1,000  into  the 
dish)  to  the  plate  under  sterile  conditions. 

4.  Place  the  dish  on  the  heated  stage  of  the  microscope  and  find 
the  plane  with  the  cells  in  it.  The  live  image  of  the  cells  can 
then  be  viewed  on  the  computer  screen  using  the  Metamorph 
program  (or  whichever  program  your  microscope  uses). 
We  generally  pick  approximately  30  positions  from  different 
areas  of  the  glass  slide,  with  an  automated  stage  this  is  relatively 
easy  and  allows  you  to  obtain  data  from  a  large  number  of  cells 
for  statistical  analysis.  How  you  image  the  cells  will  depend  on 
the  microscope  available  and  its  software. 

5.  For  imaging  the  migration  of  macrophages  we  image  every 
5  min  over  3  h.  If  your  cells  are  slow  migratory  you  may  need 
to  image  for  a  longer  period  such  as  overnight. 


3.2.4  Analysis  1.  If  you  have  not  already  done  so  then  download  ImageJ  (http:// 

rsbweb.riih.gov/ij/download.html)  along  with  the  Manual 
Tracldng  plug  in  (http://rsb.info.nih.gov/ij/plugins/track/ 
track.html)  and  Ibidi's  chemotaxis  tool  (http://www.ibidi.de/ 
applications /ap_chemo  .html) . 

2.  Open  your  movie  or  stack  file  in  ImageJ,  then  in  the  menu  bar 
under  Plugins  click  on  Manual  Tracking  to  open  the  tracldng 
plugin. 

3.  In  the  Parameters  box  (Fig.  1,  red  circle  #1)  enter  the  Time 
Interval  the  images  were  taken  at,  for  us  this  was  every  5  min, 
and  the  xy  Calibration  value,  i.e.,  the  size  of  a  pixel  (this  specific 
to  your  optics  and  microscope  and  the  information  should  be 
available  from  the  company  that  provided  your  microscope). 

4.  You  will  next  need  to  track  the  center  of  the  nucleus  on  each 
image  during  the  time  course.  To  do  this  click  the  Add  Track 
button  (Fig.  1,  red  circle  #2)  to  start  recording  and  using  the 
cross  pointer  (Fig.  1,  red  circle  #3)  click  on  the  center  of  the 
nucleus  (Fig.  1,  red  circle  #4). 

5.  Once  you  have  clicked  on  the  first  image  the  program  will 
automatically  slop  to  the  next  image  in  the  movie  where  you 
can  click  on  the  center  of  the  nucleus  for  the  same  cell  in 
the  sequence.  Repeat  this  process  until  the  last  frame  of  the 
sequence  when  the  tracldng  will  automatically  stop.  If  your  cell 
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Fig.  1  Manual  tracking  of  cells  using  the  ImageJ  Manual  Tracking  tool.  Step  1 


moves  out  of  frame  and  you  want  to  stop  tracking  at  an  earlier 
point  then  click  End  Track.  The  results  containing  the  xy 
coordinates  will  automatically  appear  in  a  pop  up  box  (Fig.  2). 
You  can  then  repeat  the  procedure  with  a  new  cell.  We  generally 
track  at  least  100  cells  to  get  representative  data  for  statistical 
analysis. 

6.  Click  on  the  results  window  and  click  the  File  menu,  then  Save 
As  to  save  this  data  so  you  can  open  it  with  the  Chemotaxis 
plugin.  The  data  is  saved  in  Excel  format  (.xls). 

7.  In  the  menu  bar  under  Plugins  click  on  Chemotaxis  Tool  to 

open  the  Chemotaxis  and  Migration  Tool  box  (Fig.  3). 

8.  Click  on  the  Import  Data  Tab  (Fig.  3,  red  circle  #1)  and  click 
on  the  Import  Data  Button  (Fig.  3,  red  circle  #2).  This 
should  open  a  browser  so  you  can  upload  the  save  .xls  file  with 
you  data  in  it.  After  the  data  has  uploaded  change  the  Number 
of  Slices  to  from  "Use  only  slices  equal  to"  to  "Use  slice 
range  from. ..to"  and  define  your  number  of  frames  (Fig.  3, 
red  circle  #3).  In  the  left  corner  tick  the  Selected  Dataset  1 
box  (Fig.  3,  red  circle  #4).  Four  different  sets  of  data  can  be 
loaded  at  one  time  by  repeating  the  same  procedure  but  ticking 
the  appropriate  Selected  Dataset  box. 


Measuring  Migration  489 


JmageJ 


□la 

a 

A  <\  O  ✓ 

/ 

» 

Ang  e  cool 

37/37;  412x424  pixels:  16-bit:  12MB 


Results  from  t 

flovie  for  book  chapter  in  l. 

m  per  min 

1 1  rack  n    |5lice.  n 

1' 

Distance 

1  Velocity 

[l 

1  1 

149 

73 

1 

i 

2 

1  2 

1S7 

84 

4. 570 

0.914 

3 

1  3 

1SS 

90 

2.125 

0,425 

4 

1  4 

1S4 

99 

3.043 

0.609  U 

5 

1  5 

1S1 

9E 

1.426 

0.285 

6 

1  6 

152 

101 

1.713 

0.343 

7 

1  7 

ISO 

106 

1.809 

0.362 

8 

1  8 

147 

119 

4.483 

0.897 

9 

1  9 

14  S 

127 

2.771 

0.554 

10 

1  10 

143 

137 

3.427 

0.685 

11 

1  11 

139 

146 

3.309 

0.662 

12 

1  12 

136 

146 

1.008 

0.202  • 

1  13 

135 

152 

2.044 

0.409  ' 

Fig.  2  Manual  tracking  of  cells  using  the  ImageJ  Manual  Tracking  tool.  Step  2 
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Fig.  3  Migration  analysis  of  cells  using  ImageJ  and  Ibidi's  Chemotaxis  and  Migration  Tool  plugin.  Step  1 
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Fig.  4  Migration  analysis  of  cells  using  ImageJ  and  Ibidi's  Chemotaxis  and  Migration  Tool  plugin.  Step  2 


9.  Click  on  the  Settings  tab  (Fig.  4,  red  circle  #1).  Again  define 
the  x/y  Calibration  (pixel  size)  and  Time  Interval  (Fig.  4, 
red  circle  #2).  Click  the  Apply  Settings  button  (Fig.  4,  red 
circle  #3). 

10.  Next  click  on  the  Statistic  Feature  tab  (Fig.  5,  red  circle  #1) 
followed  by  the  Show  Info  button  (Fig.  5,  red  circle  #2).  This 
will  produce  a  new  window  containing  a  summary  of  data, 
such  as  distances,  velocity  and  directionality  (Fig.  5,  #3). 

1 1 .  Migration  tracks  can  be  plotted  on  a  graph  by  clicking  the  Plot 
Feature  tab  (Fig.  6,  red  circle  #1).  Tick  the  Open  in  a  new 
window  box  (Fig.  6,  red  circle  #2)  and  click  the  Plot  Graph 
button.  The  graph  will  open  in  a  new  window  (Fig.  6,  #4). 

12.  You  can  also  plot  histograms,  Rose  diagrams  or  circular  plots 
by  clicking  on  the  Diagram  Feature  tab  (Fig.  7,  red  circle  #1), 
ticking  the  open  in  a  new  window  box  (Fig.  7,  red  circle  #2) 
and  clicking  on  the  appropriate  button,  for  example,  click  the 
Plot  Rose  diagram  button  (Fig.  7,  red  circle  #3)  and  the  Rose 
plot  should  appear  in  a  new  window  (Fig.  7,  #4). 
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Fig.  5  Migration  analysis  of  cells  using  ImageJ  and  Ibidi's  Chemotaxis  and  Migration  Tool  plugin.  Step  3 
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Fig.  6  Migration  analysis  of  cells  using  ImageJ  and  Ibidi's  Chemotaxis  and  Migration  Tool  plugin.  Step  4 


4  Notes 


4.1  Migration 
Analysis  of 
Fluorescently  Tagged 
Cells  Using  the  Boy  den 
Chamber 


Notes  1-11  refer  to  the  the  analysis  of  fluorescently  tagged  cells 
using  the  Boyden  chamber  and  notes  12-18  refer  to  the  analysis  of 
cell  migration  using  time-lapse  microscopy. 

General  Notes 

1 .  It  is  important  to  select  the  right  permeable  membrane,  pore  size 
and  support  depending  on  your  cell  type  (talcing  into  account 


492        Rachael  Z.  Murray 


ao.a  o  <         a  «,  n  s  ®  »-.>•■.  *  /  a 


"  "  "  flose  plDtfaf  ]   fleiulli  frtKn  Mov.e  for  tKMHttiapltr  .n        per  m.n.Ki 


./  5el*tr.ed  DjUiirL  1 
_  Srlf  t  ir-,1  OMMtt  ) 


  OirmDUxu  ind  Mention  Tool 

1:  R«ul!i  FfofnMo...  ...  Selected  DMa«[  2 


1:  ftciulli  f ran  Mo.  .     ?|    _  $fl«r.|d  tUiatM  J  1.  Beiulli  from  Mo.  .  ? 


D  C 


 f  Import  d—m     Hal  (mbot     hew  htunQij 


Show iidAM  info 


Vritxnyhinonrjm     j       1  faiulu  frtwn  Mo      :     lung*  irwtrvil  [*inWmm| 


4 

10 

s 

I  a 
| 

-5 
■■■J 

■ 

iiA|«unU| 

19 

Cop». 

M14,  T>I.4D 

Fig.  7  Migration  analysis  of  cells  using  ImageJ  and  Ibidi's  Chemotaxis  and  Migration  Tool  plugin.  Step  5 


cell  size),  cell  numbers,  and  volume  you  wish  to  use.  A  pore 
size  of  0.3-0.8  uM  is  generally  used  to  look  at  cell  migration. 
Permeable  supports  are  mounted  in  a  plastic  insert  that  fit  either 
24-  or  12-  or  6-well  culture  plates. 

2.  All  reagents  are  sterile  and  aseptic  techniques  must  be  adhered 
to  throughout  this  procedure. 

3.  The  ECM  coating  can  be  altered  or  Matrigel™  can  be  used  in 
the  wells  to  look  at  the  effect  of  your  protein  of  interest  on 
migration  or  invasion  respectively.  The  Transwells  are  only  able 
to  measure  migration  and  must  have  some  sort  of  gel,  such  as 
Matrigel™,  in  them  to  provide  a  3D  environment  to  measure 
invasion  if  this  is  what  you  wish  to  measure. 

4.  The  fibronectin  solution  for  coating  can  be  reused  several 
times  as  long  as  you  keep  it  sterile.  We  generally  reuse  ours 
three  times. 

5.  We  use  Lipofectamine  2000  to  transfect  RAW264.7  cell  as  this 
seems  to  work  best  for  these  macrophages;  however,  I  would 
suggest  that  you  use  the  method  that  you  know  works  for  your 
cell  type.  Do  not  forget  to  do  a  GFP-alone  control. 

6.  Try  not  to  set  up  too  many  wells  in  one  experiment,  as  the  cell 
retrieval  process  is  quite  fiddly  and  time  consuming. 

7.  Cell  attachment  and  spreading  may  be  improved  by  pre- 
incubating  the  permeable  supports  in  the  appropriate  media 
prior  to  seeding  cells. 

8 .  You  will  need  to  standardize  the  seeding  densities  for  your  cell 
type.  The  initial  seeding  density  can  be  important  for  some  cell 
types,  for  example,  both  the  growth  properties  and  activation 
of  the  RAW264.7  macrophages  we  routinely  use  are  greatly 
altered  if  cells  are  seed  at  too  low  a  density. 
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4.2  Analysis  of  Cell 
Migration  Using 
Time-Lapse 
Microscopy 


9.  You  will  also  need  to  optimize  incubation  times  for  your  cell 
type. 

10.  The  rubber  cell  scrapers  can  be  reused.  We  generally  wash  them, 
stored  them  in  70  %  ethanol  and  UV  them  prior  to  reuse. 

1 1 .  If  you  do  not  have  immediate  access  to  the  FACs  machine  then 
you  can  resuspend  the  cells  in  1  ml  of  1  %  paraformaldehyde 
and  store  at  4  °C.  Prior  to  FACs  analysis  centrifuge  the  tubes 
at  300  x g  in  a  benchtop  centrifuge  at  4  °C  and  resuspend  in 
300  ul  ice  cold  PBS. 

General  Notes 

12.  All  reagents  are  sterile  and  aseptic  techniques  must  be  adhered 
to  throughout  this  procedure. 

13.  This  protocol  is  based  on  RAW264.7  macrophage  migration 
on  fibronectin;  however,  dishes  can  easily  be  coated  in  other 
extracellular  matrix  components  appropriate  to  your  individual 
experiments  and  the  cell  numbers  altered  to  suit  your  cell  type. 
Ideally  cells  should  be  spread  and  not  too  confluent  so  they 
have  room  to  migrate. 

14.  It  is  important  that  the  microscope  has  reached  the  correct 
temperature,  if  not  the  stage  tends  to  expand  during  imaging 
and  the  cells  move  out  of  focus  during  the  time  course.  We 
tend  to  switch  the  temperature  controller  on  the  evening 
before  imaging  so  that  the  chamber  generally  has  12  h  to 
equilibrate.  Try  not  to  leave  the  door  to  the  chamber  open  for 
too  long  when  you  are  placing  the  cells  on  the  stage. 

15.  If  your  microscope  system  has  a  C02  supply  then  you  do  not 
need  to  use  C02  independent  media.  Alternatively,  you  could 
buffer  your  media  with  10-20  mM  HEPES  at  pH  7.4;  how- 
ever, this  only  reduces  the  rate  of  pH  drift  rather  than  eliminat- 
ing it.  Also,  there  are  numerous  reports  of  HEPES  toxicity 
during  imaging  over  longer  period  so  in  the  absence  of  a  C02 
supply  a  C02  independent  media  is  recommended  if  you  need 
to  image  for  long  periods.  If  you  decide  to  buffer  your  media 
with  HEPES  then  its  effect  on  cell  viability  should  be  tested 
prior  to  imaging. 

16.  To  enable  a  clear  picture  of  the  nucleus  (EAW  cells  are  quite 
small  in  comparison  to  say  epithelial  cells)  and  to  count  a  suit- 
able number  of  cells  for  statistical  analysis  we  routinely  use  an 
UPlanApo  40x  OIL  NA.  1.00  objective. 

17.  We  use  Lipofectamine  2000  to  transfect  RAW264.7  cell  as  this 
seems  to  work  best  for  these  cells;  however,  I  would  suggest 
you  use  the  method  that  you  know  works  for  your  cell  type. 
Do  not  forget  to  do  a  GFP-alone  control. 

18.  The  GFP-tagged  proteins  we  express  are  generally  made  and 
trafficked  to  their  intracellular  locations  relatively  quicldy. 
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Often  their  longer-term  expression  has  a  detrimental  effect  on 
our  cells  so  we  tend  to  image  our  cells  at  this  point.  You  should 
do  whatever  you  know  works  for  your  cells  and  protein  of 
interest.  We  occasionally  work  with  proteins  that  we  express 
for  24  h  before  imaging  cells.  As  these  cells  will  overgrow  in 
this  time  frame  and  the  macrophages  are  not  as  happy  when 
seeded  at  low  cell  numbers  we  tend  to  transfect  cells  in  a  6  cm 
tissue  culture  dish  and  split  the  cells  at  about  1 :2-4  depending 
on  how  confluent  they  look  into  the  MatTek  dishes.  See 
Subheading  3.1.4  on  how  to  harvest  the  cells  for  plating. 
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Examining  the  Role  of  Mast  Cells  in  Fetal  Wound  Healing 
Using  Cultured  Cells  In  Vitro 

Brian  C.  Wulff  and  Traci  A.  Wilgus 
Abstract 

Mast  cells  play  an  important  role  during  the  inflammatory  phase  of  wound  healing,  and  studies  suggest 
that  they  also  influence  scar  formation  and  remodeling.  Recently,  our  laboratory  has  characterized  the  mast 
cell  response  to  injury  in  a  fetal  wound  healing  model.  In  this  model,  early  gestation  fetal  skin  regenerates 
and  heals  without  a  scar  (scarless  wounds)  and  late  gestation  skin  heals  with  a  scar  (fibrotic  wounds). 
Differences  in  mast  cell  number,  maturity,  and  activity  were  identified  between  scarless  and  scar-forming 
fetal  wounds.  To  study  mast  cell  function  in  more  detail,  in  vitro  experiments  are  useful.  This  chapter 
outlines  methods  to  expand,  purify,  and  study  the  function  of  mast  cells  harvested  from  murine  fetal  skin. 
Using  these  methods,  cultured  mast  cells  retain  many  of  the  differences  in  maturity  and  activation  seen 
during  fetal  skin  development  in  vivo.  Studying  the  function  of  mast  cells  in  vitro  could  help  define  the 
mechanisms  by  which  mast  cells  contribute  to  wound  repair  and  ultimately  lead  to  better  therapies  for 
improving  wound  repair  and  reducing  scar  formation. 

Key  words  Inflammation,  Mast  cell,  Scarless  repair,  Fetal  skin,  Development 


1  Introduction 

Cutaneous  wound  healing  is  a  complicated  process  whereby  the 
activities  of  many  different  cell  types  are  carefully  orchestrated  to 
protect  against  invasion  from  foreign  pathogens  and  to  reestablish 
homeostasis.  Wound  healing  can  be  divided  into  three  major  stages: 
inflammation,  proliferation,  and  scar  formation/remodeling.  In 
adult  mammals,  this  process  brings  about  imperfect  repair  of  die 
damaged  tissue,  resulting  in  the  deposition  of  disorganized  scar  tis- 
sue. While  scar  tissue  generally  results  from  sldn  repair  in  mature 
tissues,  there  are  select  cases  where  regeneration  and  scarless  healing 
can  take  place.  One  well-studied  example  of  regenerative,  scarless 
healing  occurs  when  fetal  sldn  is  injured  [1,  2].  During  early  mam- 
malian fetal  development  (before  embryonic  day  16  in  mice),  injury 
to  the  sldn  will  result  in  little  to  no  inflammation,  rapid  proliferation, 
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Fig.  1  Scarless  and  fibrotic  fetal  wound  healing  in  murine  skin.  Masson's 
trichrome-stained  sections  of  fetal  skin  harvested  7  days  after  wounding  on 
either  E15  (a)  or  E18  (b)  show  the  differences  in  scar  formation  at  these  two 
gestational  ages.  Fetal  skin  wounded  at  E1 5  heals  with  deposition  of  normally 
organized  collagen  and  regeneration  of  dermal  appendages  such  as  sebaceous 
glands  and  hair  follicles.  In  contrast,  disorganized  collagen  is  deposited  in  fetal 
skin  wounded  on  day  E1 8,  resulting  in  the  loss  of  dermal  appendages  and  forma- 
tion of  a  scar.  Scale  bars  are  50  urn 


and  the  regeneration  of  normal  skin  without  scarring  (Fig.  la).  As 
fetal  skin  develops,  it  begins  to  lose  the  ability  to  heal  scarlessly  and 
starts  to  heal  with  inflammation  and  scar  formation  (Fig.  lb)  as  seen 
in  adult  skin.  Fetal  wound  healing  models  have  been  powerful  tools 
for  understanding  the  regulation  of  scar  formation  by  studying  the 
differences  between  scarless  and  fibrotic  fetal  wounds. 
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Many  wound  healing  studies  in  both  adult  and  fetal  skin  have 
demonstrated  a  direct  correlation  between  the  amount  of  inflam- 
mation present  during  healing  and  the  amount  of  scarring  that 
results  [3-8].  This  is  especially  true  in  fetal  wounds,  where  a  lack 
of  inflammation  is  critical  for  scarless  healing  to  take  place  [9-11]. 
One  of  the  first  cells  to  respond  to  injury  [12-14],  and  a  key  mod- 
ulator of  inflammation  [15],  is  the  mast  cell.  These  cells  are  resi- 
dent cells  found  in  many  organs  that  are  exposed  to  the  environment 
and  highly  susceptible  to  injury  such  as  the  sldn,  lungs,  and  gut 
[16].  Mast  cells  are  a  heterogeneous  and  highly  versatile  group  of 
cells  [17, 18].  They  are  able  to  rapidly  respond  to  stimuli  by  releas- 
ing preformed  mediators  stored  within  granules  and  also  through 
de  novo  production  of  lipids  and  cytoldnes  [19].  The  spectrum  of 
molecules  that  mast  cells  are  able  to  produce  is  very  broad,  and 
includes  immunomodulatory  molecules,  neuronal  factors,  and 
angiogenic  mediators  in  addition  to  many  others. 

In  recent  years,  studies  have  begun  to  shed  light  on  the  intri- 
cate and  complex  role  that  mast  cells  play  in  wound  healing  and 
scar  formation  [13, 14, 20-23].  Through  these  studies,  it  is  becom- 
ing clear  that  mast  cells  affect  all  stages  of  wound  healing.  In  addi- 
tion to  producing  pro-inflammatory  mediators  and  a  variety  of 
growth  factors  that  influence  the  inflammatory  and  proliferative 
phases  of  repair  [20,  24],  mast  cells  are  also  thought  to  play  a  role 
in  later  stages  of  wound  healing.  Many  mast  cell  mediators  are 
known  to  activate  fibroblasts  and  stimulate  collagen  deposition 
[25-28],  suggesting  that  mast  cells  regulate  scar  formation  and 
remodeling.  Recently,  our  laboratory  has  demonstrated  a  role  for 
mast  cells  in  scar  formation  in  fetal  wounds  [29].  As  fetal  skin 
develops,  dermal  mast  cells  dramatically  increase  in  number  and 
become  more  mature  at  stages  when  the  sldn  starts  to  heal  with 
inflammation  and  scar  formation  (Fig.  2a-f).  In  addition,  mast 
cells  do  not  degranulate  when  early  gestation  fetal  sldn  is  wounded 
(scarless  wounds;  Fig.  2g),  whereas  mast  cells  show  strong  degran- 
ulation  responses  in  late  gestation  fetal  wounds  (scar-forming 
wounds;  Fig.  2h).  The  increase  in  resident  mast  cell  numbers  and 
mast  cell  activation  in  response  to  injury  in  late  gestation  fetal  sldn 
suggests  that  developmental  differences  in  mast  cells  could  be  an 
important  reason  why  more  developed  fetal  sldn  heals  with  a  scar. 

The  method  outlined  in  this  chapter  has  been  used  to  isolate  and 
expand  mast  cells  from  fetal  sldn.  Importantly,  many  of  the  develop- 
mental differences  in  mast  cells  observed  in  fetal  sldn  in  vivo  are 
retained  in  culture,  suggesting  that  these  methods  could  be  used  to 
study  dermal  mast  cell  development  and  to  understand  the  mecha- 
nisms by  which  mast  cells  contribute  to  wound  healing  and  scar 
formation.  The  ability  to  study  dermal  mast  cells  in  vitro  could  also 
help  generate  new  strategies  to  manipulate  the  behavior  of  these  cells 
in  order  to  stimulate  regenerative  responses  and  optimize  healing. 
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Fig.  2  Mast  cell  differences  in  murine  fetal  skin.  Many  developmental  changes  occur  in  fetal  skin  between 
embryonic  days  E1 5  and  E1 8,  some  of  which  are  evident  with  hematoxylin  and  eosin  (H&E)  staining.  Unwounded 
E15  (a)  and  E18  (b)  skin  are  shown.  The  epidermis  thickens  and  stratifies  as  keratinocytes  differentiate,  hair 
follicles  develop,  and  the  cellular  and  extracellular  matrix  composition  of  the  dermis  changes.  Toluidine  blue 
staining,  which  specifically  stains  mast  cell  granules  blue,  shows  differences  in  dermal  mast  cells  in  E15  (c) 
and  E18  skin  (d).  There  are  more  dermal  mast  cells  in  E18  skin,  which  are  larger  in  size  and  contain  more 
granules  compared  to  mast  cells  in  E15  skin.  Alcian  blue-safranin  staining  shows  that  there  are  also  differ- 
ences in  the  maturity  of  mast  cells  in  E15  (e)  and  E1 8  fetal  skin  (f).  Alcian  blue-safranin  staining  causes  mast 
cells  with  sulfated  mucopolysaccharides  to  stain  red  indicating  that  they  are  more  mature,  while  immature 
mast  cells  stain  blue  due  to  a  lack  of  sulfated  mucopolysaccharides.  Toluidine  blue-stained  sections  of  fetal 
skin  5  h  after  wounding  show  that  there  are  also  differences  in  the  mast  cell  response  to  injury  in  E1 5  and  E1 8 
wounds.  Mast  cell  degranulation  is  not  evident  in  E1 5  wounds  (g),  but  mast  cells  show  a  strong  degranulation 
response  (arrows)  in  E1 8  wounds  (h).  Scale  bars  are  50  um  (a-b;  g-h)  or  20  urn  (c-f) 
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2  Materials 


2.1   Harvest  and 
Culture  of  Cutaneous 
Mast  Cells 


2.2  Purification  of 
Cultured  Mast  Cells 


1.  lx  RPMI  complete  medium:  For  1  L  of  media,  dissolve  one 
packet  of  powered  RPMI  1640  medium  containing  2  mMl- 
glutamine  in  an  appropriate  volume  of  deionized  water  to 
allow  for  the  addition  of  the  following  supplements:  FBS  (fetal 
bovine  serum,  10  %  final  volume:  see  Note  1),  2  g/L  sodium 
bicarbonate,  1  mM  nonessential  amino  acids,  10  mM  sodium 
pyruvate,  25  mM  HEPES  buffer,  lx  antibiotic-antimycotic, 
and  50  uM  2-mercaptoethanol.  Adjust  the  pH  to  7.1  before 
bringing  to  a  final  volume  of  1  L  with  deionized  water  and 
filter  sterilize  using  a  0.22  um  sterile  filter  system. 

2.  Digestion  medium:  Supplement  lx  RPMI  complete  medium 
with  collagenase  type  I  (0.5  ug/ml),  and  hyaluronidase 
(0.5  ug/ml). 

3.  Culture  medium:  Supplement  lx  RPMI  complete  medium 
with  recombinant  murine  IL-3  (interleukin-3)  and  SCF  (stem 
cell  factor),  each  at  a  concentration  of  10  ug/ml. 

4.  lOx  RPMI:  Dissolve  one,  1  L  packet  of  powdered  RPMI  1640 
medium  in  100  ml  of  deionized  water.  Filter  sterilize. 

5.  lx  HBSS  (Hank's  balanced  salt  solution)  with  calcium  and 
without  phenol  red. 

1.  Forty  percent  isotonic  Percoll  solution:  Prepare  a  solution  of 
isotonic  Percoll  by  adding  1  volume  of  lOx  RPMI  (described 
above)  to  9  volumes  of  Percoll.  Dilute  the  isotonic  Percoll  with 
lx  RPMI  complete  medium  (described  above)  to  obtain  a 
40  %  isotonic  Percoll  solution. 

2.  lx  HBSS  without  calcium  and  without  phenol  red. 


2.3  Histological  and 
Functional 
Characterization  of 
Mast  Cells 


1.  May-Griinwald  stain  (commercially  available). 

2.  Giemsa  stain:  Dilute  Giemsa  stain  (commercially  available) 
1:20  with  deionized  water. 

3 .  Acetate  buffer:  Combine  50  ml  of  solution  A  ( 1 3 .6  g  of  sodium 
acetate  in  100  ml  deionized  water)  with  62  ml  solution  B 
(8.5  ml  of  12  N  hydrochloric  acid  in  91.5  ml  deionized  water). 
Adjust  the  pH  to  1.42  and  bring  the  total  volume  to  250  ml 
with  deionized  water. 

4.  Alcian  blue-safranin  stain:  Prepare  a  solution  (w/v)  of  0.36  % 
Alcian  blue  8GX,  0.018  %  safranin  O,  and  0.48  %  ferric  ammo- 
nium sulfate  in  acetate  buffer.  Store  at  room  temperature. 

5.  Tyrode's  buffer:  10  mM  HEPES,  130  mM  NaCl,  5  mM  KC1, 
1.5  mM  CaCl2,  1  mM  MgCl2,  0.1  %  Glucose,  and  0.1  %  BSA 
in  deionized  water.  Filter-sterilize  the  buffer  and  store  at  4  °C. 
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Remove  dorsal  fetal  skin 


Cut  skin  into  0.5-2mm 
pieces  with  scissors 
and  enzymatically 


;est 


Isolate  mast  cells  by 
Percoll  centrifugation 


Expand  in  culture  for  14 
days  with  IL-3  and  SCF 
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Discard 


40% 
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Collect  for 
analysis 


Fig.  3  Flow  chart  of  harvest,  culture,  and  purification  of  mast  cells  from  fetal  skin. 
Dorsal  fetal  skin  is  removed  at  either  E15  or  E18.  The  skin  is  then  mechanically 
and  enzymatically  broken  down  to  release  cells.  The  cells  are  cultured  for  14 
days  in  medium  supplemented  with  IL-3  and  SCF,  which  favors  mast  cell  prolif- 
eration. Finally  the  mast  cells,  which  are  more  dense  than  the  other  cells  in  cul- 
ture, are  purified  by  centrifugation  in  40  %  isotonic  Percoll.  These  mast  cells  can 
then  be  examined  and  characterized  using  a  variety  of  assays 

6.  p-NAG  (4-Nitrophenyl-Ar-acetyl-p-d-glucosaminidine)  buffer: 
0.2  M  Na2HPO  and  0.4  M  citric  acid,  pH  4.5. 

7.  p-NAG  substrate:  Dissolve  4  mM  p-NAG  in  p-NAG  buffer. 
Store  10  ml  aliquots  at  -20  °C. 

8.  Lysis  buffer:  0.1  %  Triton  X-100  in  Tyrode's  buffer. 

9.  Stop  solution:  0.2  M  glycine  in  deionized  water,  pH  10.7. 
Store  at  room  temperature. 


Many  methods  have  been  published  for  the  harvest  and  culture  of 
mast  cells.  The  protocol  below  was  developed  by  modifying  meth- 
ods published  by  Benyon  et  al.  [30]  and  Yamada  et  al.  [31].  This 
procedure  (Fig.  3)  allows  for  the  isolation,  expansion,  and  purifica- 
tion of  mast  cells  from  fetal  skin  of  various  gestational  ages  while 
retaining  many  developmental  differences  seen  in  dermal  mast  cells 
in  vivo  (Figs.  29.2  and  29.4).  It  is  important  to  maintain  proper 
sterile  technique  during  all  procedures. 


3  Methods 
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1 .  For  isolation  of  fetal  skin,  euthanize  the  pregnant  dam  at  the 
desired  point  of  fetal  development  (see  Note  2).  Shave  the  skin 
and  disinfect  with  ethanol.  Using  sterile  scissors  and  forceps, 
aseptically  transfer  the  entire  uterus  to  a  100  mm  Petri  dish 
containing  cold  lx  HBSS  to  keep  the  fetuses  from  drying  out. 
Euthanize  each  fetus  by  decapitation  and  remove  the  dorsal 
sldn.  Combine  the  dorsal  sldn  of  all  fetuses  from  each  dam  and 
rinse  with  lx  HBSS.  Use  scissors  to  cut  the  skin  into  small 
pieces  (approximately  0.5-2  mm).  Transfer  sldn  pieces  into  a 
pre-weighed  15  ml  conical  tube  and  re-weigh  to  obtain  the 
weight  of  the  tissue.  Immediately  add  digestion  medium  at  a 
ratio  of  10  ml  per  1  g  of  dorsal  sldn.  Incubate  the  tissue  at  37  °C 
for  a  total  of  60  min  with  continuous  rocldng  (see  Note  3). 

2.  After  digestion,  filter  dispersed  cells  through  a  0.4  um  nylon 
strainer  into  a  50  ml  conical  tube  and  rinse  cells  through  the 
strainer  with  10  ml  of  lx  HBSS  (see  Note  3).  Centrifuge  the 
single  cell  suspension  at  240  x g  for  6  min.  Discard  the  super- 
natant and  wash  cells  in  10  ml  lx  HBSS.  Pellet  the  cells  again 
by  centrifugation  at  240  xg  for  6  min  and  discard  the 
supernatant. 

3 .  Resuspend  the  cells  in  5  ml  of  ACK  lysing  buffer  and  allow  the 
red  blood  cells  to  lyse  for  5  min  at  37  °C.  Immediately  add 
25  ml  lx  HBSS  and  centrifuge  at  240  xg  for  6  min.  Discard 
the  supernatant  and  resuspend  the  cells  in  10  ml  of  lx  HBSS. 
Determine  cell  number  and  centrifuge  at  240  xg  for  6  min. 
Resuspend  the  cells  at  a  concentration  of  4xl04  cells/ml  in 
culture  medium  (which  contains  IL-3  and  SCF),  then  seed 
individual  T75  flasks  with  25  ml  of  the  cell  suspension  (approx- 
imately 1  x  106  cells  per  T75  flask;  see  Note  4).  Allow  the  cells 
to  proliferate  in  culture  for  14  days  undisturbed  without 
changing  the  media. 

1.  On  day  14,  tap  each  T75  flask  several  times  and  decant  non- 
adherent cells  into  50  ml  conical  tubes.  Take  a  small  aliquot  for 
cell  counts  and  centrifuge  the  cells  at  240  x^for  6  min.  Discard 
the  supernatant  and  resuspend  the  cells  at  a  maximum  concen- 
tration of  2  x  106  cells/ml  in  lx  RPMI  complete  medium. 

2.  Carefully  suspend  1  ml  of  cells  over  4  ml  of  40  %  isotonic 
Percoll  in  a  15  ml  conical  tube.  Immediately  centrifuge  at 
500  xg  for  10  min  at  room  temperature  on  low  acceleration 
without  braldng.  Carefully  remove  both  layers  of  media 
(including  the  cells  in  the  interphase)  and  retain  the  pellet. 
Rnse  the  pelleted  cells  two  times  in  lx  HBSS  without  calcium 
by  centrifugation  at  200  xgfor  5  min.  Before  the  second  wash, 
take  a  small  aliquot  for  cell  counts.  Finally,  resuspend  the  cells 
in  an  appropriate  solution  for  further  use. 


502        B.C.  Wulff  and  T.A.  Wilgus 


I'rc-l'unllL-ilion  Post-PurificaUOil 


Fig.  4  Representative  staining  of  cultured  mast  cells.  After  culture  and  purification,  mast  cells  can  be  charac- 
terized using  various  stains  and  functional  assays.  May-Griinwald  Giemsa  staining  is  useful  for  assessing  the 
purity  of  the  mast  cells  obtained  after  Percoll  separation.  May-Grunwald  Giemsa-stained  cytospin  preparations 
of  all  cells  in  culture  before  Percoll  centrifugation  (pre-purification;  a)  show  that  there  are  many  different  cell 
types  in  addition  to  mast  cells  (arrowtf.  After  Percoll  separation,  a  relatively  pure  population  of  mast  cells  is 
obtained  (post-purification;  b).  Alcian  blue-safranin  staining  of  cytospin  preparations  of  purified  mast  cells 
from  E15  (c)  and  E18  (d)  show  that  even  after  14  days  of  culture,  the  differences  in  maturity  that  are  seen  in 
E15  and  E18  skin  sections  (Fig.  2)  remain.  Immunohistochemical  staining  for  tryptase-pi  in  cytospin  prepara- 
tions of  purified  mast  cells  using  standard  techniques  shows  that  both  E15  (e)  and  E18  (f)  mast  cells  express 
the  mast  cell  protease  tryptase-pi  {brown  color).  The  scale  bar  in  all  images  is  20  urn 


3.3  May-Grunwald  May-Griinwald  Giemsa  staining  can  be  used  to  determine  the  purity 
Giemsa  Staining  of  mast  cell  cultures  (Fig.  4)  by  allowing  the  identification  of  differ- 

ent immune  cell  types  in  culture  [32].  Using  a  cytocentrifuge,  spin  a 
minimum  of  1  x  104  purified  cells  (suspended  in  lx  HBSS  without 
calcium)  onto  microscope  slides.  Allow  the  cells  to  dry  for  a  mini- 
mum of  1  h.  Stain  the  cells  with  May-Griinwald  stain  for  5  min,  and 
then  rinse  them  in  phosphate  buffered  saline  (PBS)  for  5  min. 
Remove  from  PBS  and  add  diluted  Giemsa  stain  for  20  min.  Rinse 
for  5  min  in  deionized  water,  allow  to  dry  completely,  and  coverslip 
using  Permount  mounting  medium. 
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3.5  fi -Hexosa- 
minidase Release 
Assay 


Fig.  5  p-hexosaminidase  release  from  stimulated  mast  cells.  Degranulation 
assays  are  commonly  performed  to  quantify  mast  cell  activation  in  cultured 
mast  cells.  After  culture  and  Percoll  purification,  mast  cells  from  E15  to  E18 
fetal  skin  were  incubated  for  1  h  with  various  concentrations  of  compound 
48/80  (C48/80).  This  compound  is  a  calmodulin  antagonist  commonly  used  to 
stimulate  mast  cell  degranulation.  The  activity  of  p-hexosaminidase  from  the 
supernatants  and  lysates  of  stimulated  mast  cells  was  determined  and  the  per- 
cent release  was  calculated.  E18  mast  cells  stimulated  with  C48/80  released  a 
higher  percentage  of  p-hexosaminidase  compared  to  E15  mast  cells  (points  on 
the  graph  represent  the  mean  +/-  S.E.M.;  n=3  replicates  per  point).  In  vivoa 
dermal  mast  cells  in  E18  skin  also  degranulate  more  in  response  to  injury  com- 
pared to  mast  cells  in  E15  skin  (Fig.  2) 


Alcian  blue-safranin  staining  can  be  used  to  determine  mast  cell 
maturity  [33].  Dry  cytospin  preparations  (described  above)  for  at 
least  1  h.  Fix  for  15  min  in  ice-cold  acetone.  Incubate  for  15  min 
with  Alcian  blue-safranin  stain.  Rinse  in  tap  water  and  dehydrate 
with  1-butanol,  then  rinse  in  Clear- Rite  3  and  coverslip  with 
Permount  mounting  medium. 

Many  different  mediators  stored  in  mast  cell  granules  can  be  mea- 
sured to  quantify  mast  cell  degranulation.  p-hexosaminidase  release 
is  a  commonly  used  and  relatively  simple  way  to  measure  degranu- 
lation [34].  Purified  mast  cells  should  be  stimulated  in  a  manner 
relevant  to  the  aims  of  the  study.  Exposure  to  chemicals,  such  as 
compound  48/80  or  ionophores,  or  inducing  IgE-mediated 
receptor  aggregation  are  commonly  used  methods  to  stimulate 
degranulation  in  cultured  mast  cells  [31].  The  exact  cell  number, 
amount  of  stimulant,  and  duration  of  the  stimulation  must  be  opti- 
mized. In  experiments  carried  out  in  our  laboratory,  2  x  104  cells  in 
a  reaction  volume  of  20  ul  was  sufficient  to  detect  mast  cell  degran- 
ulation after  1  h  of  stimulation  with  compound  48/80  at  concen- 
trations ranging  from  12.5  to  100  ug/ml  (Fig-  5). 
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Mast  Cell  stimulation  should  be  carried  out  in  a  v-bottom 
96-well  plate  at  37  °C  for  an  optimized  period  of  time.  During 
stimulation,  a  group  of  untreated  cells  (in  Tyrode's  buffer  alone) 
should  be  included  to  control  for  basal  levels  of  degranulation. 
After  stimulation,  pellet  the  mast  cells  by  centrifuging  the  plate  at 
200  xjj  for  5  min.  For  optimal  results,  reactions  should  be  per- 
formed in  triplicate.  Immediately  transfer  10  ^1  of  supernatant 
from  each  reaction  to  separate  wells  of  a  flat-bottom  96  well  plate 
and  carefully  remove  the  remaining  supernatant.  Add  20  ^1  of  lysis 
buffer  to  the  cell  pellets  and  pipette  up  and  down  a  number  of 
times  to  lyse  the  cells.  Transfer  10  ^1  of  the  lysate  from  each  reac- 
tion to  new  wells  of  a  flat-bottom  96  well  plate.  Add  50  ^1  of 
p-NAG  substrate  to  each  well  and  incubate  for  1  h  at  37  °C.  To 
stop  the  reaction,  add  150  ^1  of  stop  solution.  This  will  result  in  a 
yellow  color  change.  Immediately  determine  the  OD  (optical  den- 
sity) at  405  nm  using  a  plate  reader.  The  percent  release  can  be 
calculated  using  the  equation:  [OD  supernatant/(OD  superna- 
tant+OD  lysate)]  x  100. 


4  Notes 

1.  FBS  should  be  heat  inactivated  for  30  min  at  56  °C  before  use. 
Multiple  batches  of  FBS  should  be  tested  to  determine  suit- 
ability for  growth  and  maturation  of  mast  cells.  We  have 
observed  significant  differences  in  the  growth  of  cultured  mast 
cells  with  certain  lots  of  FBS. 

2.  Pair  male  and  female  mice  overnight.  Separate  the  mice  the 
following  day  and  check  females  for  a  vaginal  plug.  The  day  a 
plug  is  observed  (or  the  day  the  mice  are  separated)  is  desig- 
nated as  embryonic  day  zero  (E0).  Females  should  only  be 
paired  with  males  once  per  week.  This  helps  accurately  assess 
fetal  age  in  visually  pregnant  mice,  since  the  presence  (or 
absence)  of  a  vaginal  plug  does  not  always  accurately  predict 
pregnancy.  Palpation  of  the  abdomen  can  be  used  to  confirm 
pregnancy.  On  day  E15  or  Day  E18,  euthanize  pregnant  mice 
and  harvest  fetal  tissue. 

3.  To  improve  cellular  yield  during  tissue  digestion,  the  tubes  can 
be  vortexed  every  15  min  during  the  60  min  incubation  period. 
The  10  ml  rinse  through  the  nylon  strainer  can  be  broken  up 
into  four  5  ml  rinses  to  help  improve  cellular  yield  as  well. 

4.  Macrophage  contamination  is  a  concern  especially  when  work- 
ing with  certain  strains  of  mice  [31].  Macrophage  contamina- 
tion can  be  identified  by  May-Griinwald  Giemsa  staining.  If 
this  becomes  a  problem,  flasks  can  be  seeded  with  a  lower 
number  of  cells. 
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Assessing  Macrophage  Phenotype  During  Tissue  Repair 

Timothy  J.  Koh,  Margaret  L.  Novak,  and  Rita  E.  Mirza 

Abstract 

Macrophages  are  thought  to  play  important  roles  in  tissue  repair,  from  host  defense  to  angiogenesis  and 
new  tissue  formation.  The  role  of  macrophages  in  repair  of  different  tissues  is  an  active  area  of  inquiry, 
particularly  in  settings  of  impaired  healing.  In  this  chapter,  we  describe  methods  for  isolating  monocyte/ 
macrophage  cell  populations  from  damaged  tissue  and  characterizing  the  phenotype  of  these  cells.  Cells 
are  isolated  from  tissue  by  enzymatic  digestion,  and  then  monocyte/macrophage  populations  can  be 
sorted  by  magnetic  separation.  The  phenotype  of  these  cells  is  assessed  by  real-time  PCR,  flow  cytometry 
and  ELISA.  A  complementary  approach  of  assessing  monocyte/macrophage  phenotype  by  immunofluo- 
rescence staining  of  cryosections  is  also  described.  This  combination  of  approaches  to  study  the  macro- 
phage phenotypes  expressed  during  tissue  repair  will  lead  to  better  understanding  of  the  roles  of 
macrophages  in  tissue  repair  and  new  therapeutic  avenues  for  improving  healing. 

Key  words  Macrophage  phenotype,  Tissue  repair,  Wound  healing,  Cell  isolation,  Magnetic  sorting, 
Flow  cytometry,  Immunofluorescence 


1  Introduction 

Tissue  repair  following  injury  involves  overlapping  phases  of 
inflammation,  new  tissue  formation  and  subsequent  remodeling. 
Macrophages  (Mp)  are  involved  in  each  phase  of  tissue  healing, 
and  are  thought  to  play  an  important  role  in  the  repair  of  a  variety 
of  tissues.  During  the  early  phases  of  healing,  Mp  help  to  kill 
pathogens,  clear  damaged  tissue,  and  clear  necrotic  and  apoptotic 
cells.  During  later  stages  of  healing,  Mp  contribute  to  repair  in  part 
by  secreting  a  spectrum  of  chemokines,  cytokines,  and  growth 
factors.  The  multifunctional  nature  of  Mp  during  tissue  repair  is  an 
active  area  of  investigation  and  better  understanding  of  the  regula- 
tion of  the  different  phenotypes  expressed  by  Mp  during  healing 
could  lead  to  important  insights  into  the  mechanisms  of  normal 
and  impaired  healing  as  well  as  new  therapeutic  strategies  for 
improving  outcomes. 

After  tissue   damage,   blood-borne   monocytes   (Mo)  are 
recruited  to  the  site  of  injury  and  subsequendy  differentiate  into  Mp. 

Robert  G.  Gourdie  and  Tereance  A.  Myers  (eds.),  Wound  Regeneration  and  Repair:  Methods  and  Protocols, 
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Two  main  Mo  subsets  have  been  identified  in  the  circulation  of 
mice:  a  pro-inflammatory  subset  that  expresses  Ly6C  at  high  levels 
and  a  patrolling  or  noninflammatory  subset  that  expresses  Ly6C  at 
low  levels  [1,  2].  In  humans,  the  corresponding  subsets  are  pro- 
inflammatory CD14hl  and  patrolling  CD141"  subsets  [3].  Whether 
these  Mo  subpopulations  represent  distinct  end-stage  differentia- 
tion states  or  a  continuum  of  plastic  phenotypic  states  remains  to 
be  determined  [4].  Although  initial  studies  have  been  performed 
[5,  6],  further  work  is  required  to  elucidate  the  time  course  and 
regulation  of  recruitment  of  different  Mo  subsets  following  tissue 
damage,  and  the  role  that  each  subset  plays  in  tissue  repair,  particu- 
larly in  the  setting  of  impaired  healing. 

Different  microenvironments  have  the  potential  for  inducing  a 
wide  range  of  Mp  phenotypes  [7-10].  Bacterial  products  and 
pro-inflammatory  cytokines  are  known  to  induce  the  "classical" 
pro-inflammatory  or  Ml-like,  pathogen  killing  Mp  phenotype 
associated  with  production  of  high  levels  of  inflammatory  cyto- 
kines, and  reactive  oxygen  and  nitrogen  species.  Anti-inflammatory 
cytokines,  glucocorticoids,  modulators  of  glucose  and  lipid  metab- 
olism, and  phagocytosis  of  apoptotic  cells  can  induce  a  broad 
spectrum  of  "alternative"  or  M2-like  Mp  phenotypes  including 
those  that  exhibit  noninflammatory  or  anti-inflammatory  and 
pro-tissue  repair  functions,  typically  characterized  by  expression  of 
mannose  receptor  (CD206),  scavenger  receptors  (e.g.,  CD36), 
and  growth  factors  such  as  TGF-pi  and  insulin-like  growth  factor 
(IGF)-l.  Although  the  term  "alternative"  activation  was  first 
ascribed  to  Mo/Mp  stimulated  with  interleukin  (IL)-4  [11],  the 
term  has  morphed  into  a  generic  name  used  for  any  form  of 
nonclassical  activation.  Another  classification  scheme  depicts  Mp 
phenotypes  as  a  spectrum  based  on  functional  activities,  which 
accounts  for  the  many  intermediate  or  combination  phenotypes 
reported  in  the  literature  [10]. 

Much  of  our  knowledge  about  Mp  phenotypes  has  been 
obtained  from  in  vitro  experiments  in  which  phenotypes  have  been 
studied  using  stimulation  with  a  single  cytokine  or  other  effector, 
or  perhaps  two  of  these  effectors.  Less  is  known  about  the  pheno- 
types expressed  in  actual  physiological  situations,  particularly  dur- 
ing tissue  repair.  In  vivo,  there  is  potential  for  a  multitude  of 
effectors  to  act  on  Mp  and  the  phenotype  expressed  is  likely  due  to 
the  net  effect  of  all  of  these  signals.  Mp  along  with  other  inflamma- 
tory cells  and  tissue  resident  cells  likely  contribute  to,  and  are  influ- 
enced by,  this  complex  molecular  environment. 

In  this  chapter,  we  describe  methods  for  assessing  Mo/Mp 
phenotype  during  tissue  repair  used  in  our  recent  work  [12].  These 
methods  include  isolating  cells  from  damaged  tissue  followed  by 
magnetic  separation,  real-time  polymerase  chain  reaction  (PCR), 
flow  cytometry  and  enzyme-linked  immunoassay  (ELISA).  We  also 
describe  methods  for  immunofluorescence  staining  of  tissue 
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cryosections  that  complement  the  cell  isolation  approach  by  allowing 
localization  of  Mo/Mp  phe  no  types  within  tissue  compartments. 
Further  study  of  the  actual  Mo/Mp  phenotypes  expressed  during 
tissue  repair,  and  how  these  are  regulated,  will  lead  to  better  under- 
standing of  the  roles  of  Mo/Mp  in  different  tissue  repair  and  new 
therapeutic  avenues  for  improving  healing. 


2  Materials 


2.1  Cell  Isolation 
from  Tissue 


1.  Surgical  equipment:  bead  sterilizer,  forceps,  scissors,  scalpel 
with  #11  blades,  hemostat,  razor  blades. 

2.  Plastic-ware:  cell  strainers  (70  um  mesh),  50  ml  conical  tubes, 
15  ml  conical  tubes,  1.7  ml  microcentrifuge  tubes,  10  cm  petri 
dishes,  5  ml  syringe,  0.22  um  sterile  filter. 

3.  Centrifuge  with  adaptors  for  50,  15,  and  1.7  ml  tubes. 

4.  Microscope,  hemacytometer. 

5.  Cell  culture  incubator,  tube  rotator,  stir  bars. 

6.  Dulbecco's  Modified  Eagle's  Medium  (DMEM),  fetal  bovine 
serum  (FBS). 

7.  Enzymes:  collagenase  I,  collagenase  XI,  hyaluronidase  I. 


2. 1. 1  Magnetic 
Separation  of 
Macrophages  from  Total 
Cell  Population 


1.  FITC  conjugated  Ly6G,  CD3,  and  CD19  antibodies,  anti- 
FITC  conjugated  beads,  anti-CDllb  conjugated  beads,  MS 
columns,  column  magnet. 

2.  Cell  separation  buffer:  phosphate  buffered  saline  (PBS),  0.5  % 
FBS,  2  mM  EDTA,  degassed. 


2.2   Flow  Cytometry         1 .  Flow  cytometer. 

2.  Staining  buffer:  PBS,  1  %  FBS. 

3.  Anti-CD16/32  (Fc  block). 

4.  Fixation  buffer,  permeabilization  buffer. 

5.  Leukocyte  antibodies:  FITC  conjugated  anti-Ly6G,  CD3,  and 
CD19,  PE  and  PerCP-Cy5.5  conjugated  anti-CDllb  and 
anti-Ly6C,  APC  conjugated  anti-F4/80. 

6.  Classical  activation  marker  antibodies:  APC  conjugated  anti- 
TNF-oc  and  IL-12. 

7.  Alternative  activation  marker  antibodies:  PerCP-Cy5.5  anti- 
CD206,  PE-conjugated  CD36  and  TGF-p,  APC  conjugated 
IL-10. 

8.  Isotype  specific  controls:  FITC,  PE,  PerCP-Cy5.5,  APC- 
conjugated  IgGl,  IgG2a,  IgG2b. 
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2.3  Real-Time  PCR  1 .  Real-Time  PCR  System. 

2.  RNeasykit. 

3.  ThermoScript  RT-PCR  System. 

4.  TaqMan  Universal  PCR  Master  Mix. 

5.  TaqMan  Gene  Expression  Assays  for  genes  of  interest  (e.g., 
TNF-oc,  IL-ip,  IL-12,  iNOS;  CD206,  CD36,  IL-10,  GAPDH, 
18S  rRNA). 

2.4  ELISA  1.  Ml  markers:  TNF-oc  and  IL-ip  ELISA  kits. 

2.  M2  markers:  IL-10,  IGF-1,  and  TGF-p  ELISA  kits. 

2.5  Immuno-  1.  Cryostat. 


fluorescence 


2.  Microscope  with  epifluorescence  and  FITC,  rhodamine  and 
DAPI  filters,  digital  camera,  and  image  analysis  software. 

3.  Tissue  freezing  medium,  isopentane,  dry  ice. 

4.  Microscope  slides,  mounting  medium  with  DAPI,  coverslips. 

5.  Primary  antibodies:  Rat  anti-mouse  F4/80,  goat  polyclonal 
anti-TNF-oc,  rabbit  polyclonal  anti-iNOS,  goat  polyclonal 
CD206,  rabbit  polyclonal  TGF-pl. 

6.  Secondary  antibodies:  FITC-conjugated  goat  anti-rabbit  IgG, 
FITC-conjugated  rabbit  anti-goat  IgG,  TRITC-conjugated 
goat  anti-rat  IgG. 

7.  PBS,  formaldehyde,  70  %  ethanol. 

8.  Blocking  buffer:  (a)  1  %  normal  rabbit  or  goat  serum  in  PBS  or 
(b)  buffer  with  50  mM  Tris-HCl  pH7.6,  150  mM  NaCl, 
0.05  %  Tween20,  0.2  %  gelatin,  3  %  BSA,  0.1  %  sodium  azide. 

9.1%  Sudan  Black  B  in  70  %  methanol,  filtered  into  Coplin  jar. 


3  Methods 


3.1   Cell  Isolation 
from  Tissue  (See 
Notes  1-4) 


1.  Sterilize  surgical  tools,  razor  blades,  and  stir  bar  in  bead 
sterilizer. 

2.  Prepare  enzymatic  digest  mixture:  10  mg  each  of  collagenase 
I,  collagenase  XI,  hyaluronidase  in  3  ml  of  DMEM.  Sterile  fil- 
ter the  solution  using  syringe  filter. 

3.  Remove  tissue  of  interest.  Holding  a  pair  of  razor  blades  with 
hemostat,  mince  tissue  into  ~1  mm3  pieces  in  Petri  dish  con- 
taining 5  ml  of  DMEM.  Transfer  minced  tissue  to  a  15  ml 
tube.  Rnse  dish  with  2  ml  of  collagenase/hyaluronidase  solu- 
tion, followed  by  3  ml  of  DMEM,  and  transfer  to  the  same 
15  ml  tube  containing  tissue  pieces. 


Macrophage  Phenotype  in  Tissue  Repair 


511 


4.  Add  small  stir  bar  to  tube  and  place  tube  on  rotator,  and  allow 
digestion  to  proceed  in  cell  culture  incubator  for  45-60  min  at 
37  °C  in  5  %  C02.  Check  the  solution  occasionally  and  dissoci- 
ate tissue  aggregates  if  necessary. 

5.  Filter  digested  tissue  suspension  through  a  70  um  cell  strainer 
into  a  50  ml  tube.  Rinse  the  15  ml  tube  with  3  ml  of  DMEM 
and  add  to  cell  strainer.  Rinse  the  strainer  with  another  2  ml  of 
DMEM. 

6.  Centrifuge  the  cell  suspension  for  5  min  at  300  xg.  Discard 
supernatant  and  resuspend  cell  pellet  in  appropriate  volume  of 
cell  separation  buffer.  Count  cells  on  hemocytometer. 


3.2  Magnetic 
Separation  of 
Monocytes/ 
Macrophages  from 
Total  Cell  Population 
(See  Note  5) 


10. 


11 


Centrifuge  cell  suspension  5  min  at  300  x^.  Resuspend  cell 
pellet  in  100  ul  of  cell  separation  buffer. 

Add  5  ul  each  of  FITC-conjugated  Ly6G,  -CD3,  and  -CD19 
antibodies.  Incubate  for  15  min  at  4  °C. 

Add  2  ml  cell  of  separation  buffer  and  centrifuge  for  5  min  at 
300  xg.  Resuspend  in  90  ul  of  cell  separation  buffer. 

Add  10  ul  of  anti-FITC  conjugated  beads.  Incubate  for  15  min 
at  4  °C. 

Add  2  ml  of  cell  separation  buffer  and  centrifuge  for  5  min  at 
300  xg.  Resuspend  in  500  ul  of  cell  separation  buffer. 

Place  MACS  column  in  magnetic  field  and  equilibrate  with 
500  ul  of  cell  separation  buffer.  Discard  flow-through. 

Collect  Ly6G/CD3/CD19-negative  fraction  in  a  new  tube: 
Add  cell  suspension  to  column,  then  rinse  three  times  with 
500  ul  of  cell  separation  buffer.  Wait  for  column  reservoir  to 
empty  before  adding  successive  rinses. 

Collect  Ly6G/CD3/CD19-positive  fraction:  remove  column 
from  magnetic  field,  add  1  ml  of  cell  separation  buffer,  and 
flush  column  with  plunger;  count  cells  on  hemocytometer. 
This  fraction  is  taken  to  represent  neutrophil,  T  cell  and  B  cell 
populations. 

Centrifuge  Ly6G/CD3/CD19-negative  fraction  for  5  min  at 
300  xg.  Resuspend  cell  pellet  in  90  ul  of  cell  separation 
buffer. 

Add  10  ul  of  anti-CDllb  conjugated  beads.  Incubate  for 
15  min  at  4  °C. 

Add  2  ml  of  cell  separation  buffer  and  centrifuge  for  5  min  at 
300  xg.  Resuspend  cell  pellet  in  500  ul  of  cell  separation 
buffer. 


12.  Equilibrate  column  and  separate  negative  and  positive  frac- 
tions as  before;  count  cells. 
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Fig.  1  Example  of  macrophage  phenotyping  by  flow  cytometry  analysis  of  cells  isolated  from  excisional  skin 
wounds  on  C57BI/6  mice.  Cells  collected  5  days  post-injury  were  not  subjected  to  magnetic  isolation,  but  were 
labeled  with  FITC-anti  CD3/CD1 9/Ly6G,  PerCP-Cy5.5  anti-CD1 1  b,  PE  anti-TGF-p,  and  APC  anti-TNF-oc  or  APC 
anti-IL-10.  Cells  were  gated  in  (a)  forward  scatter  (FSC)/side  scatter  (SSC)  plots  to  eliminate  dead  cells  and 
debris,  (b)  CD3/CD19/Ly6G  histograms  to  eliminate  CD3/CD19/Ly6G  positive  cells  and  (c)  CD11b  histograms 
to  include  only  CD1 1  b  positive  cells.  This  CD11b+CD3/CD19/Ly6G~  population  was  taken  to  represent  the 
monocyte/Mp  population  in  the  wound.  Gates  were  then  set  based  on  isotype  controls  (d)  for  phenotype  mark- 
ers TGF-p,  TNF-oc  (e),  and  IL-1 0  (f).  Note  that  a  greater  percentage  of  these  cells  were  positive  for  TNF-oc  than 
for  IL-1 0  and  that  cells  were  negative  for  TGF-p 


13.  CDllb  positive,  Ly6G/CD3/CD19  negative  fraction  is  taken 
to  represent  Mo/Mp  cell  population. 

14.  If  measuring  release  of  soluble  factors,  incubate  cells  in  DMEM 
+  10  %  FBS  at  37  °C  in  5  %  C02  overnight.  If  using  cells  for 
real-time  PCR,  freeze  pellet  at  -80  °C  until  ready  for  RNA 
isolation. 


3.3  Monocyte/ 
Macrophage 
Phenotyping:  Flow 
Cytometry  (See  Notes 
6,  7  and  10,  Fig.  1) 


1.  Resuspend  cells  in  staining  buffer,  total  volume  depends  on 
number  of  staining  conditions  required  (e.g.,  100  ul  per  sample). 
Include  non-stained  control,  isotype  controls  and  color  com- 
pensation controls.  For  the  latter,  include  appropriate  amounts 
of  non-stained  cells  and  single  antibody  stained  cells  to  allow 
for  assessment  of  compensation. 

2.  If  desired,  incubate  samples  with  anti-CD16/32  (Fc  block)  for 
15  min  at  4  °C. 
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Fig.  2  Example  of  macrophage  phenotyping  by  ELISA.  Cells  were  isolated  from  excisional  skin  wounds  on 
nondiabetic  db/+  and  diabetic  db/db  mice.  Cells  collected  10  days  post-injury  were  subjected  to  magnetic 
isolation;  first  removing  CD3/CD19/Ly6G  positive  cells  by  negative  selection  and  then  collecting  the  remaining 
CD1 1  b  positive  cells  by  positive  selection.  Cells  were  then  incubated  overnight  in  DMEM  +  10%  FBS  at  37  °C 
and  5  %  C02.  The  cell  culture  supernatant  was  then  subjected  to  ELISA  for  IL-1  p  along  with  homogenate  of 
wounds  also  collected  at  10  days  for  comparison.  Note  that  IL-1  p  release  is  higher  for  cells  isolated  from 
diabetic  mice  compared  with  nondiabetic  mice,  as  is  the  level  in  wound  homogenate 


3.  Stain  extracellular  antigens  with  appropriate  antibodies  for 
30  min  at  4  °C;  titrate  antibodies  individually  in  preliminary 
experiments. 

4.  Add  2  ml  of  staining  buffer,  centrifuge  for  5  min  at  300  xg. 
Repeat  wash. 

5.  If  staining  for  intracellular  antigens,  fix  cells  with  0.5  ml  fixa- 
tion buffer  for  20  min  in  dark  at  room  temperature,  as  per 
manufacturer's  instructions 

6.  Centrifuge  for  5  min  at  300  xg. 

7.  Wash  cells  two  times  in  2  ml  of  permeabilization  buffer. 

8.  Resuspend  cell  pellet  in  100  p.1  of  permeabilization  buffer. 

9.  Stain  intracellular  antigens  with  appropriate  antibodies  for 
30  min  at  4  °C,  titrate  antibodies  individually  in  preliminary 
experiments. 

10.  Add  2  ml  of  permeabilization  buffer,  centrifuge  for  5  min  at 
300  xg.  Repeat  wash. 

11.  Resuspend  cell  pellet  in  500  ul  of  staining  buffer. 

12.  Perform  flow  cytometry. 

13.  Set  compensation  based  on  single  stained  control  samples. 

14.  Set  measurement  gates  based  on  comparisons  with  negative 
controls  (non-stained  and  IgG  controls. 


3.4  Monocyte/ 
Macrophage 
Phenotyping:  ELISA 
(Fig.  2) 


1.  After  overnight  incubation  in  DMEM  with  10  %  FBS,  centri- 
fuge cell  suspension  for  5  min  at  300  xg. 

2.  Transfer  supernatant  to  a  new  tube  and  store  cell  pellet  at 
-80  °C  for  further  analysis  if  desired. 
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Fig.  3  Example  of  macrophage  phenotyping  by  real-time  PCR.  Cells  were  iso- 
lated from  uninjured  gastrocnemius  muscle  (Od)  and  at  3-21  days  following  lac- 
eration injury  in  C57BI/6  mice.  Cells  were  subjected  to  magnetic  isolation;  first 
removing  CD3/CD19/Ly6G  positive  cells  by  negative  selection  and  then  collect- 
ing the  remaining  CD1 1  b  positive  cells  by  positive  selection.  Real-time  PCR  for 
IL-ip  was  then  performed  on  cDNA  derived  from  this  CD1 1  b+CD3/CD1 9/Ly6G~ 
population.  Controls  include  cultured  bone  marrow-derived  Mp  incubated  with- 
out (NA)  or  with  interferon-y  and  tumor  necrosis  factor-oc  (both  at  10  ng/ml)  to 
induce  classical  activation  (CA).  IL-ip  expression  normalized  to  that  of  GAPDH 
and  then  to  the  CA  condition.  Note  that  IL-1  p  expression  was  highest  at  3  days 
post-injury,  when  it  reached  a  level  similar  to  the  CA  Mp 


3.  Centrifuge  supernatant  for  10  min  at  10,000  xjf  to  remove 
smaller  debris,  aliquot  and  store  supernatant  at  -80  °C. 

4.  Use  supernatant  to  assess  Mo/Mp  release  of  cytokines  and 
growth  factors  by  ELISA  using  manufacturer's  instructions. 

5.  To  assess  cytokine  and  growth  factor  levels  in  tissue,  collect 
tissue  and  homogenize  in  ice-cold  PBS  supplemented  with 
protease  inhibitors  using  a  dounce  homogenizer.  Centrifuge  for 
10  min  at  10,000  x^,  aliquot  and  store  supernatant  at  -80  °C. 

6.  Use  supernatant  to  assess  tissue  levels  of  cytoldnes  and  growth 
factors  by  ELISA  using  manufacturer's  instructions. 


3.5  Monocyte/ 
Macrophage 
Phenotyping:  Real- 
Time  PCR  (Fig.  3) 


Perform  RNA  isolation  using  RNeasy  ldt  instructions  and  RT 
reaction  using  Thermoscript  RT-PCR  system  instructions. 

Plan  96  well  plate  layout  to  allow  for  triplicates  of  each  sample 
plus  negative  control. 

For  each  gene  to  be  analyzed,  prepare  a  premix  of  10  ul  of 
TaqMan  Universal  PCR  Master  Mix,  1  ul  of  appropriate 
TaqMan  Gene  Expression  Assay,  and  8  ul  of  dH20,  scaled  up 
by  number  of  wells  needed. 

To  each  well,  add  19  ul  of  premix  and  1  ul  of  sample  cDNA,  or 
1  ul  dH20  for  negative  control. 
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TRITC  FITC  Combined 


Primary* 
Secondary 
(treated  with 
Sudan  Black) 


Secondary 

alone 
(treated  with 
Sudan  Black) 


Auto 
fluorescence 
(not  treated  with 
Sudan  Black) 


Fig.  4  Example  of  macrophage  phenotyping  by  immunofluorescence.  Cryosections  obtained  from  gastrocne- 
mius muscles  of  C57BL/6  mice  injured  by  laceration  (7  days  post-injury).  Top:  Mp  labeled  using  anti-F4/80 
(red)  and  anti-TGF-p  (green)  antibodies  followed  by  fluorescently  labeled  secondary  antibodies.  Section  treated 
with  Sudan  Black  to  reduce  autofluorescence  and  nuclei  visualized  using  DAPI  (blue).  Middle:  control  sections 
from  adjacent  tissue  labeled  with  secondary  antibodies  only,  treated  with  Sudan  Black,  and  nuclei  visualized 
using  DAPI.  Bottom:  sections  not  treated  with  Sudan  Black  and  not  stained  with  any  antibodies  exhibited  auto- 
fluorescence in  both  red  and  green  channels 


Cover  plate  with  optical  film,  centrifuge  for  ~1  min,  and  run  in 
7500  Real-Time  PCR  System. 

Set  baseline  and  threshold  in  7,500  software  and  perform  data 
analysis  using  the  2A-ddCT  method  [13]  (Note:  statistical  anal- 
ysis should  be  performed  on  2A-ddCT  values,  not  on  raw  CTs.) 


3.6  Monocyte/ 
Macrophage 
Phenotyping: 
Immunofluorescence 
(See  Notes  6, 8,  and  9, 
Fig.  4) 


1.  Embed  tissue  in  tissue  freezing  medium,  freeze  tissue  in 
isopentane  cooled  with  dry  ice,  and  store  at  -80  °C. 

2.  Section  tissue  at  5-10  um  using  Leica  cryostat  and  collect  on 
Superfrost  Plus  slides. 

3.  Fix  tissue  cryosections  in  4  %  formaldehyde  in  PBS  for  5  min. 

4.  Wash  5x2  min  with  PBS. 

5.  Incubate  for  1  h  in  blocking  buffer  at  room  temperature. 

6.  Add  primary  antibodies.  We  recommend  F4/80  as  an  Mp 
marker  and  phenotypic  markers  such  as  TNF-oc  and  iNOS  for 
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Ml -like  or  classically  activated  phenotype,  TGF-p  and  CD206 
for  M2-like  or  alternatively  activated  phenotype.  Incubate  for 
1  h  at  room  temperature,  then  overnight  at  4  °C.  Suggested 
starting  dilution  for  all  antibodies  is  1:100  in  PBS.  For  nega- 
tive controls,  include  slides  with  no  primary  antibody  and  non- 
specific IgG  from  primary  antibody  host  species  (use  isotype 
specific  IgG  if  available). 

7.  Wash  3x  10  min  with  PBS. 

8.  Add  FITC-conjugated  secondary  antibody  and  incubate  for 
1  h  at  room  temperature.  Suggested  starting  dilution  is  1:200 
in  PBS. 

9.  Wash  3x  10  min  with  PBS. 

10.  Add  TRITC-conjugated  secondary  antibody  and  incubate  for 
1  h  at  room  temperature.  Suggested  starting  dilution  is  1:200 
in  PBS. 

11.  Wash  3x  10  min  with  PBS. 

12.  Optional  autofluorescence  quenching:  Incubate  for  5  min  in 
0.1  %  Sudan  Black  solution  in  Coplin  jar.  Rinse  briefly  in  70  % 
ethanol,  then  PBS.  Incubation  and  rinse  times,  as  well  as  Sudan 
Black  concentration,  may  be  adjusted  based  on  intensity  of 
autofluorescence . 

13.  Mount  slides  in  Vectashield  with  DAPI. 

14.  Using  Nikon  80i  microscope  and  imaging  system,  count 
number  of  F4/80  positive  cells  per  mm2  for  five  fields  per  sec- 
tion, ensuring  cells  are  DAPI  positive.  Also  count  cells  double 
positive  for  F4/80  and  phenotypic  markers. 


4  Notes 

1 .  The  enzymatic  digestion  protocol  was  adapted  from  a  protocol 
described  in  the  literature  for  isolating  cells  from  aortic  tissue 
[14].  We  have  used  this  cell  isolation  procedure  successfully  to 
obtain  Mo/Mp  populations  from  full-thickness  excisional 
wounds  in  mice  [12],  biopsies  of  chronic  wounds  in  diabetic 
human  patients  and  injured  mouse  skeletal  muscle  (our 
unpublished  data).  We  have  not  yet  tried  the  protocol  on 
other  tissues;  further  optimization  may  be  required  for  these 
other  tissues. 

2 .  We  have  tried  other  enzymes  for  digestion  of  skin  and  skeletal 
muscle,  including  collagenase  B  and  pronase.  These  protocols 
either  produced  a  lower  cell  yield  (collagenase  B)  or  more  vari- 
able results  for  magnetic  sorting  and  labeling  for  flow  cytom- 
etry applications  (pronase).  The  latter  may  be  due  to  loss  of 
antigen  during  the  digest  procedure. 
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3.  We  have  performed  enzymatic  digestion  in  petri  dish  on  stir 
plate  as  well  as  in  rotating  tube  with  similar  cell  yields  and  via- 
bility assessed  by  trypan  blue  exclusion. 

4.  Following  tissue  digestion,  we  sometimes  obtain  a  large  num- 
ber of  red  blood  cells  in  the  cell  suspension.  These  could  be 
removed  using  a  red  blood  cell  lysis  step  or  by  centrifugation 
on  Ficoll.  However,  steps  to  eliminate  red  blood  cell  contami- 
nation can  influence  Mp  [15],  so  at  the  minimum,  all  samples 
should  be  treated  similarly. 

5.  To  date,  we  have  sorted  Mo/Mp  populations  by  magnetic 
sorting  with  a  protocol  that  essentially  follows  the  manufac- 
turer's instructions.  However,  similar  sorting  could  be  per- 
formed using  fluorescence  activated  cell  sorting  [5]. 

6.  Mo/Mp  can  exhibit  autofluorescence  [16],  so  proper  controls 
must  be  used  to  accurately  interpret  data  generated  by  fluorescent 
detection  methods.  These  include  non-stained  and  nonspecific 
IgG  controls  for  flow  cytometry  and  immunohistology. 

7.  Markers  taken  to  represent  Mo/Mp  populations  as  well  as  Mo/ 
Mp  pheno types  should  be  chosen  and  interpreted  with  care.  For 
example,  CD 68  is  often  used  as  a  Mp  marker  for  botii  mouse  and 
human  tissue,  but  is  expressed  in  other  cell  types,  including 
endothelial  cells  and  fibroblasts  [17, 18].  In  addition,  F4/80  is  a 
standard  Mp  marker  in  mice,  but  sorting  based  on  F4/80  expres- 
sion may  exclude  less  mature  Mo  populations  [12]. 

8 .  Different  antigens  may  be  sensitive  to  particular  fixation  meth- 
ods for  immunofluorescence.  In  the  protocol  given  here,  we 
have  used  F4/80  as  a  standard  Mp  marker,  and  we  have  found 
that  F4/80  labels  well  when  sections  are  fixed  in  formalde- 
hyde, but  less  so  when  fixed  in  acetone.  Conversely,  other  Mp 
markers  such  as  MOMA2  may  give  a  stronger  signal  when 
fixed  in  acetone. 

9.  In  our  immunofluorescence  protocol,  secondary  antibodies 
are  added  sequentially  to  minimize  the  potential  for  binding  of 
the  FITC  rabbit  anti-goat  secondary  to  the  TRITC  goat  anti- 
rat  secondary.  If  different  secondary  antibodies  are  chosen 
such  that  this  interaction  would  not  occur,  it  may  be  possible 
to  incubate  with  both  secondary  antibodies  simultaneously. 

10.  Multiple  pheno typic  markers  are  required  to  describe  Mo/Mp 
phenotypes  in  vivo,  because  of  the  complexity  of  the  pheno- 
types  observed.  We  favor  an  approach  that  combines  different 
methodologies,  and  have  so  far  assessed  phenotype  via  mRNA 
and  protein  expression,  cytokine/growth  factor  release  and 
localization  in  tissue  sections.  Additional  approaches  could 
include  functional  assays  of  phagocytosis  and  pathogen  killing 
capability,  and  co-culture  or  conditioned  medium  experiments 
to  assess  the  capability  to  stimulate  target  cell  proliferation, 
migration,  or  other  functional  activities. 


518 


Timothy  J.  Koh  et  al. 


References 

1.  Geissmann  F,  Jung  S,  Littman  DR  (2003) 
Blood  monocytes  consist  of  two  principal  sub- 
sets with  distinct  migratory  properties. 
Immunity  19:71-82 

2.  Sunderkotter  C  et  al  (2004)  Subpopulations  of 
mouse  blood  monocytes  differ  in  maturation 
stage  and  inflammatory  response.  J  Immunol 
172:4410^1417 

3.  Cros  J  et  al  (2010)  Human  CD14dim  mono- 
cytes patrol  and  sense  nucleic  acids  and  viruses 
via  TLR7  and  TLR8  receptors.  Immunity 
33:375-386 

4.  van  de  Veerdonk  FL,  Netea  MG  (2010) 
Diversity:  a  hallmark  of  monocyte  society. 
Immunity  33:289-291 

5.  Arnold  L  et  al  (2007)  Inflammatory  mono- 
cytes recruited  after  skeletal  muscle  injury 
switch  into  antiinflammatory  macrophages  to 
support  myogenesis.  J  Exp  Med  204: 
1057-1069 

6.  Nahrendorf  M  et  al  (2007)  The  healing  myo- 
cardium sequentially  mobilizes  two  mono- 
cyte subsets  with  divergent  and 
complementary  functions.  J  Exp  Med  204: 
3037-3047 

7.  Gordon  S  (2003)  Alternative  activation  of 
macrophages.  Nat  Rev  Immunol  3:23-35 

8.  Mantovani  A  et  al  (2004)  The  chemokine  sys- 
tem in  diverse  forms  of  macrophage  activation 
and  polarization.  Trends  Immunol 
25:677-686 

9.  Martinez  FO,  Helming  L,  Gordon  S  (2009) 
Alternative  activation  of  macrophages:  an 
immunologic  functional  perspective.  Annu 
Rev  Immunol  27:451-483 


10.  Mosser  DM,  Edwards  JP  (2008)  Exploring 
the  full  spectrum  of  macrophage  activation. 
Nat  Rev  Immunol  8:958-969 

11.  Stein  M  et  al  (1992)  Interleukin  4  potently 
enhances  murine  macrophage  mannose  recep- 
tor activity:  a  marker  of  alternative  immuno- 
logic macrophage  activation.  J  Exp  Med 
176:287-292 

12.  Mirza  R,  Koh  TJ  (2011)  Dysregulation  of 
monocyte/macrophage  phenotype  in  wounds 
of  diabetic  mice.  Cytokine  56(2):256-264 

13.  Livak  KJ,  Schmittgen  TD  (2001)  Analysis  of 
relative  gene  expression  data  using  real-time 
quantitative  PCR  and  the  2(-Delta  Delta 
C(T))  Method.  Methods  25:402-408 

14.  Galkina  E  et  al  (2006)  Lymphocyte  recruitment 
into  the  aortic  wall  before  and  during  develop- 
ment of  atherosclerosis  is  partially  L-selectin 
dependent.  J  Exp  Med  203:1273-1282 

15.  Lundahl  J  et  al  (1995)  Altered  expression  of 
CDllb/CD18  and  CD62L  on  human  mono- 
cytes after  cell  preparation  procedures.  J 
Immunol  Methods  180:93-100 

16.  Havenith  CE  et  al  (1993)  Separation  of  alveo- 
lar macrophages  and  dendritic  cells  via  auto- 
fluorescence:  phenotypical  and  functional 
characterization.  J  Leukoc  Biol  53:504-510 

17.  Kunisch  E  et  al  (2004)  Macrophage  specificity 
of  three  anti-CD68  monoclonal  antibodies 
(KP1,  EBM11,  and  PGM1)  widely  used  for 
immunohistochemistry  and  flow  cytometry. 
Ann  Rheum  Dis  63:774-784 

18.  Gottfried  E  et  al  (2008)  Expression  of  CD68 
in  non-myeloid  cell  types.  Scand  J  Immunol 
67:453-463 


Chapter  31 


The  Use  of  Connexin-Based  Therapeutic  Approaches 
to  Target  Inflammatory  Diseases 

Simon  J.  O'Carroll,  David  L.  Becker,  Joanne  0.  Davidson, 
Alistair  J.  Gunn,  Louise  F.B.  Nicholson,  and  Colin  R.  Green 


Abstract 

Alterations  in  Connexin43  (Cx43)  expression  levels  have  been  shown  to  play  a  role  in  inflammatory 
processes  including  skin  wounding  and  neuroinflammation.  Cx43  protein  levels  increase  following  a  skin 
wound  and  can  inhibit  wound  healing.  Increased  Cx43  has  been  observed  following  stroke,  epilepsy, 
ischemia,  optic  nerve  damage,  and  spinal  cord  injury  with  gap  junctional  communication  and  hemichannel 
opening  leading  to  increased  secondary  damage  via  the  inflammatory  response.  Connexin43  modulation 
has  been  identified  as  a  potential  target  for  protection  and  repair  in  neuroinflammation  and  skin  wound 
repair.  This  review  describes  the  use  of  a  Cx43  specific  antisense  oligonucleotide  (Cx43  AsODN)  and 
peptide  mimetics  of  the  connexin  extracellular  loop  domain  to  modulate  Cx43  expression  and/or  function 
in  inflammatory  disorders  of  the  skin  and  central  nervous  system.  An  overview  of  the  role  of  connexin43 
in  inflammatory  conditions,  how  antisense  and  peptide  have  allowed  us  to  elucidate  the  role  of  Cx43  in 
these  diseases,  create  models  of  diseases  to  test  interventions  and  their  potential  for  use  clinically  or  in 
current  clinical  trials  is  presented.  Antisense  oligonucleotides  are  applied  topically  and  have  been  used  to 
improve  wound  healing  following  skin  injury.  They  have  also  been  used  to  develop  ex  vivo  models  of  neu- 
roinflammatory  diseases  that  will  allow  testing  of  intervention  strategies.  The  connexin  mimetic  peptides 
have  shown  potential  in  a  number  of  neuroinflammatory  disorders  in  ex  vivo  models  as  well  as  in  vivo  when 
delivered  directly  to  the  injury  site  or  when  delivered  systemically. 

Key  words  Connexin,  Antisense,  Mimetic  peptide,  Inflammation,  Wound  healing 


1  Introduction 

Inflammation  plays  a  role  in  a  large  number  of  pathologic  condi- 
tions including  acute  and  chronic  diseases.  Inflammation  consists 
of  a  multistep  process  that  involves  the  release  of  cytokines,  che- 
moldnes  and  growth  factors.  This  leads  to  migration  of  inflamma- 
tory cells  from  the  blood  to  the  affected  tissue  and  in  the  case  of 
neuroinflammation  the  activation  and  migration  of  microglia  and 
astrocytes.  It  is  now  becoming  clear  that  connexins,  which  form 
transmembrane    channels    allowing   direct   signaling  between 
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adjacent  cells  via  gap  junctions  or  into  the  extracellular  space  via 
hemichannels,  play  an  important  role  in  the  spread  of  inflamma- 
tion and  as  such  they  have  become  targets  for  interventions  in 
inflammatory  diseases.  Examples  of  the  role  of  connexins  in  inflam- 
mation and  how  they  can  be  targeted  to  reduce  inflammation  in 
the  central  nervous  system  and  during  skin  wound  healing  are  pre- 
sented below. 

1.1    Connexin  The  predominant  hallmark  of  neuroinflammation  is  the  activation 

Changes  in  Response  of  astrocytes  and  microglia,  the  resident  inflammatory  cells  of  the 
to  Neuroinflammation  brain.  In  response  to  neuroinflammation,  astrocytes  undergo  a 
series  of  complex  changes  known  as  astrogliosis,  during  which  time 
their  morphological,  electrophysiological,  and  biochemical  prop- 
erties are  altered.  For  example,  a  rapid  increase  in  glial  fibrillary 
acidic  protein  (GFAP)  expression  and  cellular  hypertrophy  are 
hallmarks  of  activated  astrocytes  [  1  ] .  Other  features  include  altera- 
tions in  glutamate  metabolism  and  glucose  uptake  [2,  3].  Following 
inflammation  microglia  proliferate,  take  on  an  activated  or  phago- 
cytic phenotype  and  release  proinflammatory  mediators  such  as 
TNF-oc,  IL-ip,  and  nitric  oxide  (NO).  In  the  normal  brain,  astrocyte 
networks  formed  by  gap  junctions  play  a  critical  role  in  main- 
taining the  homeostatic  regulation  of  extracellular  pH,  K+,  and 
glutamate  levels. 

Gap  junctions  form  transmembrane  channels  that  allow  for 
direct  cytoplasmic  communication  between  adjacent  cells.  These 
result  from  the  docking  of  two  compatible  hemichannels  that  them- 
selves comprise  hexamers  of  connexin  proteins  [4].  There  is  increas- 
ing evidence  that  neuroinflammation  modulates  gap  junction 
expression  and  communication  in  astrocytes  and  microglia  [5-8]. 
Proinflammatory  cytokines  such  as  TNF-oc  and  IL-ip  are  reported  to 
attenuate  gap  junction  communication  in  astrocytes  and  astrocyte- 
microglia  cocultures  [9,  10].  In  a  model  of  bacterial  brain  abscess 
there  was  a  reduction  of  astrocyte  gap  junction  communication 
reported  in  areas  directly  adjacent  to  the  brain  lesion  [8].  An 
increase  in  Cx43  levels  in  astrocytes  following  injury  has  been 
observed  in  epilepsy  [11],  brain  ischemia  [12-16],  and  after  spinal 
cord  injury  [17-20].  However,  the  role  of  astrocytic  connexins  is 
not  clearly  understood.  A  number  of  studies  that  have  transiently 
down -regulated  connexin  expression  following  CNS  injury  using 
antisense  oligonucleotides  (AsODN)  or  gap  junction  blockers 
have  reported  benefit  and  conversely  indicated  that  increased  Cx43 
levels  are  potentially  detrimental  [20-22].  The  transient  modulation 
of  the  Cx43  in  these  studies  has  the  effect  of  preventing  connexin 
signaling  during  the  early  stages  of  injury,  but  importantly  allows 
recovery  of  connexin  expression  and  gap  junctional  communica- 
tion in  the  later  stages  [23,  24].  Others  studies  using  gene  knock- 
out models  with  permanent  loss  of  Cx43,  have  reported  that  this 
background  leads  to  an  increase  in  the  size  of  the  injury  [25-27]. 
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In  this  setting  the  complete  loss  of  Cx43  is  likely  to  prevent  the 
normal  recovery  of  gap  junction  coupling  and  the  cell-cell  com- 
munication that  is  required  for  subsequent  spatial  buffering,  neu- 
ronal survival  and  subsequent  tissue  coupling  function. 

Modification  of  connexin  signaling  also  occurs  in  microglia 
following  neuroinflammation.  Under  normal  conditions,  microg- 
lia show  little  expression  of  Cx43  and  are  not  gap  junction  coupled. 
Exposure  to  pro -inflammatory  cytokines  leads  to  an  induction  of 
Cx43  expression  in  microglia  and  formation  of  functional  gap 
junction  coupling  [28].  It  has  been  reported  that  activated  microg- 
lia exhibit  increases  in  both  Cx43  expression  and  gap  junction  cou- 
pling in  a  rat  model  of  brain  stab  injury  [28],  following  exposure 
to  peptidoglycan,  (a  component  of  the  cell  wall  of  S.  aureus,  a 
prevalent  CNS  pathogen  [29])  and  in  the  presence  of  interferon - 
gamma  (IFN-y)  and  TNF-oc  [28].  Activation  of  microglia  by 
advanced  glycation  end  products  (AGEs),  which  have  been  linked 
to  the  progression  of  neurodegenerative  disease,  leads  to  increased 
Cx43  levels  possibly  through  the  release  of  TNF-oc  [30]. 
Neuroinflammation  appears  to  cause  the  formation  of  a  functional 
microglial  syncytium,  so  that  these  cells  may  be  capable  of  influ- 
encing neuroinflammatory  responses  through  gap  junction  inter- 
cellular communication. 

There  is  growing  evidence  to  suggest  that  Cx43  hemichannels 
are  involved  in  the  spread  of  inflammation  and  neuronal  cell  loss  in 
a  number  of  brain  disorders.  Hemichannels  are  the  undocked 
membrane  imbedded  conduits  that  join  together  between  cells  to 
form  the  gap  junctions.  Hemichannels  are  normally  closed  but  can 
open  under  various  physiological  and  pathological  stimuli  to  release 
molecules  into  the  extracellular  space.  The  involvement  of  hemi- 
channels in  release  of  neurotoxic  molecules  such  as  glutamate  and 
ATP  has  been  well  documented  [31-33].  For  example  cytokines, 
including  IL-ip  and  TNF-oc,  released  from  activated  microglia 
reportedly  reduce  intercellular  gap  junctional  communication  and 
increase  hemichannel  opening  in  astrocytes  [34-36].  In  a  model  of 
brain  abscess  [8]  the  reduction  in  astrocyte  GJ  communication  by 
cells  surrounding  the  abscess  coincides  with  opening  of  hemichan- 
nels. Following  inflammation,  activated  microglia  release  a  number 
of  toxic  molecules,  including  glutamate,  cytokines,  prostaglandins 
and  ATP.  These  molecules  increase  the  opening  of  astroglial  hemi- 
channels, reducing  the  astrocyte's  neuroprotective  functions 
leading  to  increasing  neuronal  cell  death  [37].  Metabolic  inhibi- 
tion has  been  demonstrated  to  cause  an  increase  in  levels  of  Cx43 
hemichannels  at  the  surface  of  astrocytes  [38]  but  at  the  same  time 
reduces  Cx43  gap  junction  coupling  [38,  39].  In  cortical  astro- 
cytes, reoxygenation  in  a  high  glucose  medium  following  hypoxia 
increases  Cx43  hemichannel  activity  but  decreases  cell-cell  com- 
munication via  Cx43  gap  junctions  [40].  When  NMDA-induced 
excitotoxicity  of  neuron-astrocyte  cocultures  is  carried  out  in  the 
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presence  of  TNF-oc  and  ILl-p,  an  increase  in  astroglial  connexin43 
hemichannel  activity  is  seen.  NMDA  treatment  leads  to  increased 
neurotoxicity  in  proinflammatory-treated  cocultures  compared  to 
untreated  ones.  Neurotoxicity  was  absent  in  cocultures  with 
connexin43  knockout  astrocytes  and  application  of  connexin43 
hemichannel  blockers  prevented  the  cytokine -induced  potentiated 
NMDA  neurotoxicity  [41].  Metabolic  inhibition  leads  to  cell 
swelling  that  is  thought  to  result  from  the  opening  of  Cx43  hemi- 
channels.  This  metabolic  inhibition  induces  opening  of  unapposed 
connexin  43  gap  junction  hemichannels  and  reduces  gap  junctional 
communication  in  cortical  astrocytes  in  culture  and  can  lead  to 
ischemia-induced  cell  death  in  nervous  tissue  [14,  39]. 

1.2    Connexin  Connexins  play  an  important  role  in  maintaining  the  normal 

Dynamics  in  Response  homeostasis  of  the  intact  skin,  for  instance  in  facilitating  the 
to  Skin  Wounding  passage  of  nutrients  and  gases  in  the  avascular  epidermis.  Many 

different  types  of  connexin  mRNAs  (Cx45,  43,  40,  37,  32,  31.1, 
31,  30.3,  30  and  26)  have  been  detected  in  the  mammalian  skin 
and  their  proteins  can  be  found  at  varying  locations  within  the  skin 
[42-49].  The  most  prominent  connexins  in  the  skin  are  Cx43, 
31.1,  30  and  26  in  the  epidermis.  In  human  epidermis  Cx26  domi- 
nates in  the  proliferative  basal  layers  where  there  is  less  Cx43  but 
there  is  considerably  more  Cx43  found  in  the  differentiating  spi- 
nous layers  [45,  50].  Within  the  dermis  there  is  mostly  Cx43  with 
a  small  amount  of  Cx45.  The  Cx43  is  found  mostly  in  fibroblasts 
but  also  in  blood  vessels  and  dermal  appendages  such  as  hair  folli- 
cles, sweat  and  sebaceous  glands  as  well  as  leukocytes  and  mast 
cells  [48,  51,  52]. 

Wounding  of  the  sldn  triggers  an  immediate  repair  process 
which  takes  the  form  of  a  series  of  four  overlapping  events  starting 
with  hemostasis,  then  inflammation  followed  by  cell  proliferation 
and  migration  and  eventually  remodeling  of  the  scar  tissue  [53]. 
The  objective  of  these  events  is  to  plug  the  defect  that  has  formed 
in  the  skin,  kill  any  bacteria  that  have  entered  and  prevent  any 
more  from  entering.  The  next  step  is  to  stimulate  wound  edge  cells 
to  change  their  phenotype,  crawl  forward,  proliferate  and  repair 
the  wound.  As  these  changes  take  place  there  is  also  a  dynamic 
change  in  the  expression  of  connexins  in  the  different  cell  types  as 
they  take  on  different  roles  as  healing  progresses.  Associated  with 
the  inflammation  of  wound  healing,  is  the  "leakiness"  of  blood 
vessels  to  allow  passage  of  plasma  proteins,  fluid  and  leukocytes, 
that  manifests  as  tissue  redness  and  swelling  in  and  around  the 
wound  site.  This  correlates  with  an  up-regulation  of  Cx43  in  the 
cells  of  the  surrounding  wound  vasculature  [51,  54]. 

Activated  leukocytes  also  express  Cx43  and  this  has  been 
reported  to  be  associated  with  pro-inflammatory  responses  and 
extravasation,  which  is  reduced  when  Cx43  is  blocked  [55].  Wien 
Cx43  down  regulation  is  achieved  by  specific  ASN  application  to 
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wounds,  then  this  results  in  a  dampening  down  of  the  initial 
inflammatory  response  that  is  maintained  throughout  the  healing 
process.  The  reduced  numbers  of  wound  neutrophils  and  later 
macrophages  appears  to  have  a  beneficial  effect  on  the  healing 
process  [23,  54].  At  first  this  may  seem  counter  intuitive  as  a  robust 
inflammatory  response  has  long  been  thought  to  be  required  both 
to  prevent  sepsis  by  lolling  off  any  bacteria,  but  also  essential  to 
trigger  proliferation  and  migration  of  wound  edge  keratinocytes 
and  fibroblasts  by  releasing  members  of  the  transforming  growth 
factor  and  fibroblast  growth  factor  families  that  serve  as  motogens 
and  mitogens  [56,  57].  However,  production  of  a  robust  inflam- 
matory response  may  not  be  essential  for  wound  healing  to  progress 
[58-60].  A  link  between  inflammation  and  scar  formation  is 
supported  by  wound  healing  studies  on  embryos,  which  heal 
without  scars  at  times  before  their  inflammatory  response  has 
developed  but  do  scar  once  an  inflammatory  response  can  be  raised 
[61-64].  Whilst  excessive  inflammation  may  have  a  negative  impact 
on  wound  healing,  there  are  some  effects  from  inflammatory 
growth  factors  that  promote  healing  [65-67].  Getting  the  balance 
of  the  inflammatory  response  will  be  important  in  order  to  pro- 
mote healing  but  reduce  scar  formation  though  this  may  be  more 
of  a  challenge  in  chronic  than  acute  wounds. 

Soon  after  the  first  inflammatory  signals  are  released  changes 
begin  to  occur  in  the  wound  edge  keratinocytes  as  they  start  to 
dismantle  their  desmosomes,  tight  junctions  and  gap  junctions  in 
order  to  be  able  to  migrate.  Within  6  h  of  wounding  rodent  skin  a 
reduction  in  Cx43  and  Cx31.1  protein  levels  can  be  detected  in 
leading  edge  keratinocytes  and  these  down-regulate  even  further 
in  24-48  h  as  the  cells  become  migratory  [51,  68,  69].  However, 
Cx43  expression  is  maintained  in  the  actively  proliferating  cells  a 
few  rows  back  from  the  leading  edge.  Whilst  Cx43  and  Cx31.1  are 
down  regulating  there  is  a  concomitant  up  regulation  of  Cx26  and 
Cx30  in  the  very  same  cells  and  this  up-regulation  is  maintained 
whilst  the  leading  edge  keratinocytes  are  migrating  [51].  Once  the 
two  edges  of  the  wound  joined  up  again  Cx26  and  Cx30  are  down 
regulated  to  their  normal  low  levels  and  Cx43  expression  returns 
as  the  skin  resumes  its  normal  structure  and  gap  junctional  distri- 
butions. Interestingly,  whilst  human  skin  has  a  slightly  different 
distribution  of  connexins,  a  very  similar  dynamic  response  is  seen 
in  the  basal  and  suprabasal  cells  that  become  migratory.  Within  5  h 
of  wounding  a  down-regulation  of  Cx43  can  be  detected  at  the 
leading  edge  and  Cx43  can  hardly  be  seen  within  24  h  and  again  it 
is  replaced  with  Cx26  and  Cx30  [50,  70].  A  phosphorylation  of 
Cx43  by  Protein  Kinase  C  at  Serine  368  has  also  been  reported  in 
human  wound  edge  keratinocytes  occurring  24  h  after  wounding 
[50].  Related  to  these  changes  in  connexin  expression  is  a  change 
in  the  communication  dynamics  restricting  transfer  of  dye  out  of 
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cells  injected  in  the  leading  edge  potentially  forming  a  discrete 
communication  compartment.  This  may  have  the  effect  to  restrict 
signals  between  the  leading  edge  cells  with  cells  following  a  few 
rows  back,  as  has  been  proposed  to  occur  in  morphogenic  tissue 
movements  in  embryonic  development  [46,  50,  51,  53,  71-75]. 
The  replacement  of  Cx43  with  Cx26  and  Cx30  in  the  leading  edge 
migratory  cells  implies  that  it  is  not  an  absence  of  communication 
that  is  required  for  migration  to  take  place  but  an  absence  of  Cx43. 
Alternatively  this  down  regulation  of  Cx43  may  relate  to  the  inter- 
action of  Cx43  with  a  wide  variety  of  other  proteins  in  junctional 
complexes  or  to  the  PDZ  domain  on  its  cytoplasmic  tail.  Cx43  is 
reported  to  form  a  complex  or  "nexus"  with  junctional  proteins 
such  as  Zonular  Occludin-l(ZO-l),  Cadherins  and  alpha  and  beta 
catenin  in  the  cell  membrane  whilst  also  linking  directly  or  indi- 
recdy  to  the  tubulin  and  actin  cytoskeleton  [75-83].  Membranous 
Cx43  could  increase  cell  adhesion  directly,  but  adhesion  needs  to 
be  reduced  for  effective  cell  migration.  In  addition  Cx43  could 
stabilize  the  cytoskeleton  with  membranous  anchor  points  and 
reduce  the  cytoskeletal  dynamics  required  for  migration.  In  addi- 
tion the  membranous  interaction  of  Cx43  with  transcription  fac- 
tors such  as  p-catenin  could  prevent  the  (3-catenin  moving  to  the 
nucleus  and  affecting  transcription.  Indeed  Cx43,  along  with  Cx32 
and  Cx36,  has  been  proposed  to  be  a  "master  gene"  influencing 
the  expression  of  more  than  300  other  genes  [84-87].  Clearly 
there  are  numerous  levels  that  Cx43  can  influence  cell  behavior 
and  the  wound  healing  response.  This  is  not  just  at  the  protein 
level  but  also  at  the  gene  expression  level  independent  of  functions 
as  a  communication  channel. 


2   Methods  of  Cx43  Regulation 


2.1  Non  Specific  Gap  A  large  number  of  compounds  have  been  shown  to  inhibit  con- 
Junction  Blockers  nexin  gap  junction  and  hemichannel  communication  (see  Juszczak 

and  Swiergiel  for  review  ref.  88).  These  compounds  include  halo- 
thane,  octanol,  heptanol,  quinolone,  18a-glycyrrhetinic  acid,  car- 
benoxolone,  and  flufenamic  acid.  However,  none  of  these 
compounds  are  considered  to  be  very  selective  for  connexins  as  they 
can  modify  other  membrane  channels  as  well  as  having  other  off 
target  effects.  The  first  three  compounds  inhibit  gap  junctions  by 
inducing  radical  changes  in  membrane  fluidity  while  the  remainder 
have  effects  that  are  secondary  rather  than  direct  (i.e.,  through 
actions  inside  the  cell  that  in  turn  alter  connexin  communication) 
[88-90].  Studies  using  these  compounds  have  however  provided 
useful  information  with  regards  to  the  role  of  connexins  in  inflam- 
mation. For  example,  global  gap  junction  blockade  using  carben- 
oxolone,  flufenamic  acid,  heptanol,  or  octanol  is  reported  to  reduce 
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the  spreading  wave  of  astrocytic  apoptosis  in  rat  hippocampal  cul- 
tures exposed  to  ischemic  conditions  [91]  and  in  a  rodent  model  of 
stroke,  pretreatment  with  octanol  significantly  decreased  mean 
infarction  volume  following  middle  cerebral  artery  occlusion  [92]. 

2.2    Cx43  AsODN  Specific  modulation  of  Cx43  protein  expression  is  possible  using 

antisense  oligodeoxynucleotides  (AsODN)  [21,  22,  93,  94].  The 
most  commonly  used  connexin43  specific  AsODN  is  a  single 
strand  DNA  of  30  deoxynucleotides  with  an  unmodified  backbone 
that  binds  specifically  to  complementary  sequences  on  an  accessi- 
ble region  of  the  rat  connexin43  mRNA,  blocking  protein  transla- 
tion (see  ref.  93  for  details).  Antisense  will  block  new  protein 
translation  but  have  no  effect  on  existing  protein  levels  and  there- 
fore cell  uncoupling  will  in  part  be  dependent  upon  protein  turn- 
over rate.  Cronin  et  al.  [20],  for  example,  showed  different 
knockdown  and  protein  recovery  rates  in  spinal  cord  dorsal,  ven- 
tral, white  and  grey  matter  that  may  reflect  dose  delivered  to  the 
different  tissues,  cell  metabolic  rates,  and  protein  turnover  vari- 
ances. The  advantage  of  an  antisense  modulation  approach  is  that 
it  is  specific  for  Cx43  and  that  it  allows  only  transient  protein 
knockdown.  Unmodified  AsODNs  have  a  relatively  short  half-life 
inside  cells  of  about  20-30  min  and  are  broken  down  even  more 
rapidly  when  they  come  in  contact  with  sera  [95-97].  Transient 
knockdown  is  important  when  modulating  inflammation  in  the 
CNS  where  normal  astrocyte  Cx43  coupling  is  essential  for  neuro- 
nal function.  Topical  delivery  can  effectively  be  achieved  by  deliv- 
ery in  a  thermo-reversible  gel,  Pluronic  F-127,  which  is  liquid 
between  ~0  and  4  °C  and  can  be  dripped  into  place  in  a  wound  but 
it  soon  gels  as  it  warms  up  [94].  The  Pluronic  gel  then  slowly 
breaks  down  over  a  number  of  hours  and  releases  the  AsODN  to 
the  surrounding  tissues  at  a  steady  rate  providing  a  sustained  deliv- 
ery throughout  this  period.  In  addition  the  Pluronic  gel  is  also 
thought  to  act  as  a  mild  surfactant  and  aid  the  direct  entry  of  the 
AsODN  into  the  cells.  This  Cx43  AsODN  30mer  has  been  used  in 
several  experimental  disease  models  including  brain  slice  [98,  99], 
optic  nerve  ischemia  [100],  skin  wound  healing  [23,  54, 101],  sldn 
burns  [102]  and  spinal  cord  injury  [20,  103].  This  AsODN  has 
demonstrated  anti-inflammatory  and  wound  healing  effects  that 
will  be  described  in  detail  in  the  following  sections. 

Another  approach  to  develop  more  gap  junction  specific  inhibitors 
has  involved  the  use  of  connexin  mimetic  peptides.  One  example 
of  such  mimetics  consists  of  short,  specific  sequences  that  corre- 
spond to  the  extracellular  loops  of  connexins.  These  peptides  have 
been  shown  to  act  as  reversible  and  specific  inhibitors  of  gap  junc- 
tion and  hemichannel  communication  (reviewed  in  ref.  104). 
Other  peptides  mimicking  sequences  from  Cx43  have  been 
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reported  to  have  therapeutic  effects — see  ref.  105  and  also 
(Ghatnekar  and  Tuan)  and  (Strungs  et  al.)  in  this  book.  However, 
in  the  context  of  this  chapter  references  to  connexin  mimetic 
peptides  will  be  to  sequences  corresponding  to  the  extracellular 
loop  domains  of  connexins. 

Two  inhibitory  peptides  designed  against  Cx43  called  GAP  26 
(extracellular  loop  1;  VCYDKSFPISHVR)  and  GAP  27  (extracellu- 
lar loop  2;  SBTTEKTIFII)  have  been  shown  to  inhibit  the  intercel- 
lular transfer  of  fluorescent  dyes  in  cultured  cells  [106,  107],  impair 
the  propagation  of  calcium  waves  across  groups  of  confluent  cells 
[108,  109]  and  electrical  communication  [110,  111].  Connexin 
mimetic  peptides  may  impair  the  interactions  of  the  extracellular 
loops  by  binding  to  recognition  sites  on  the  connexon  [112] 
although  what  sequence  on  the  extracellular  loop  the  mimetic  pep- 
tide actually  interact  with,  is  still  not  clear.  It  has  been  reported  that 
connexin  mimetic  peptides  can  inhibit  both  gap  junction  and  hemi- 
channel  signaling  in  in  vitro  models  [19, 109,  113-115].  Connexin 
mimetic  peptides  appear  to  regulate  hemichannels  and  gap  junctions 
independently  of  each  other,  with  short  incubation  times  having 
been  shown  to  prevent  hemichannel  opening  without  affecting  gap 
junction  communication,  while  longer  incubations  may  interfere 
with  gap  junction  communication  [116].  More  recendy  we  have 
reported  that  there  also  appears  to  be  a  concentration  dependent 
effect  with  low  concentrations  of  mimetic  peptide  inhibiting  hemi- 
channels, while  higher  concentrations  inhibit  gap  junctions  [19]. 
Cx43  mimetic  peptides  have  also  been  reported  to  improve  aspects 
of  wound  healing.  For  example  in  cell  culture  models  they  were 
reported  to  lead  to  an  increase  in  cell  migration  rates  and  scrape- 
wound  closure  of  mouse  epidermal  keratinocytes  [117],  human 
keratinocytes  and  dermal  fibroblasts  [118],  and  human  organotypic 
skin  models  [73].  GAP  27  blocks  hemichannel  activity  and  reduces 
fibroblast  cell  adhesion  [119].  Cx43  mimetic  peptides  have  recently 
been  reported  to  be  protective  in  models  of  neuroinflammation  with 
blockade  of  astrocytic  Cx43  hemichannels  with  Gap27  protective  of 
neurons  against  exci toxic  cell  death  [41].  GAP  26  prevents  neuro- 
nal cell  death  by  blocking  ATP  and  glutamate  release  from  astrocytes 
in  a  cell  culture  model  of  AD  [120]. 

A  different  novel  mimetic  peptide  designed  against  the  second 
extracellular  loop  of  Cx43  termed  Peptide5  (Peptagon);  sequence 
VDCFLSRPTEKT  has  been  used  successfully  to  reduce  neuroin- 
flammation in  ex  vivo  models  of  epilepsy  and  spinal  cord  injury  as 
well  as  in  various  in  vivo  animal  models  of  spinal  cord  injury,  reti- 
nal ischemia  and  fetal  ischemia.  These  will  be  discussed  in  more 
detail  below. 
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3   Cx43  Regulation  in  Inflammation 

3.1    Epilepsy  As  mentioned  earlier  in  this  review,  increased  Cx43  is  associated 

with  epileptic  seizure  activity  [11].  A  number  of  studies  have 
reported  that  blockade  of  gap  junctions  can  reduce  or  block 
seizure-like  discharges  in  a  range  of  in  vitro  models  of  epilepsy 
[121-123].  Conversely,  agents  that  promote  opening  of  gap  junc- 
tions enhance  neuronal  rupture  [124].  Similar  conclusions  have 
been  drawn  from  human  tissue  in  vivo  models;  where  gap  junction 
blockers  prevented  neuronal  network  synchronization  in  neocorti- 
cal  slices  obtained  from  patients  with  mesial  temporal  lobe  epilepsy 
[125]  and  in  a  rodent  in  vivo  model  [126].  The  seizure  event  leads 
directly  to  the  death  of  a  small  group  of  neurons  and  this  is  fol- 
lowed by  a  secondary  stage  involving  molecular  and  cellular  events 
that  take  place  hours  to  days  after  the  initial  precipitating  damage 
[127].  A  syncytium  of  activated  astrocytes  extensively  coupled  via 
Cx43  gap  junctions  has  been  implicated  in  lesion  spread  during 
this  secondary  stage  [11,  128].  To  further  clarify  the  role  of  Cx43 
during  the  secondary  stage  a  study  was  carried  out  using  connexin 
mimetic  Peptide  5  in  a  brain  slice  culture  model  of  bicuculline 
methochloride  (BMC) -induced  epilepsy  [129].  Epileptiform 
injury  in  hippocampal  slice  cultures  was  induced  by  48  h  exposure 
to  100  uM  BMC.  The  BMC  was  then  removed  and  during  a  24  h 
recovery  period  lesion  spread  was  observed  by  propidium  iodide 
(PI)  staining  of  damaged  cells  in  the  CA1  region  of  the  hippocam- 
pus. Slices  were  treated  with  different  concentrations  of  Peptide5 
that  have  been  shown  to  inhibit  either  just  hemichannels  (5  and 
50  (iM)  or  both  hemichannels  and  gap  junctions  (500  uM).  Peptide 
application  was  used  either  during  BMC  treatment  or  the  recovery 
period.  Application  of  Peptide5  during  either  the  BMC  treatment 
or  recovery  periods  produced  concentration-  and  exposure  time- 
dependent  neuroprotection.  During  the  BMC  period,  peptide 
concentrations  between  5  and  50  [iM  (sufficient  to  block  hemi- 
channels) had  a  protective  effect  while  a  substantial  gap  junction 
blockade  with  500  [iM  peptide  lead  to  increased  cell  death.  This 
indicates  that  while  neurons  are  undergoing  excessive  firing,  gap 
junction  communication  appears  to  be  essential  for  tissue  survival 
but  opening  of  hemichannels  may  be  detrimental.  This  toxicity 
may  be  due  to  hemichannel-mediated  purinergic  signaling  that  has 
been  shown  to  be  involved  in  amplification  cytotoxicity  in  patho- 
logical conditions.  The  increased  cytosolic  Ca2+  and  membrane 
depolarization  that  occurs  during  epileptiform  events,  may  induce 
hemichannel  opening,  allowing  release  of  ATP  into  the  extracel- 
lular space,  activation  of  P2Y  receptors  on  neurons,  eventually 
leading  to  an  elevation  of  cytosolic  Ca2+  and  further  ATP  release 
that  would  set  up  a  Ca2+  wave  resulting  in  increased  epileptiform 
activity  [130].  Inhibition  of  astrocytic  gap  junctions  during 
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abnormal  firing  would  disturb  neuronal  homeostasis  and  reduce 
the  coordinated  response  to  injury  [131-133].  Functional  astro- 
cytic communication  would  buffer  extracellular  ions  and  neurotoxic 
substances  released  as  a  result  of  epileptic  discharge.  There  is  evi- 
dence that  termination  of  epileptiform  events  requires  spatial  K+ 
buffering  by  the  glial  syncytium  [134].  While  only  low  doses  of 
peptide  were  protective  during  the  BMC  phase,  all  doses  applied 
during  the  recovery  period  resulted  in  a  reduced  lesion  size  and 
protected  the  CA1  region  from  further  damage  suggesting  that  fol- 
lowing the  epileptiform  insult  both  gap  junction  communication 
and  hemichannel-mediated  signaling  may  contribute  to  the  lesion 
spread.  Astrocytes  are  known  to  undergo  physiological  changes 
after  the  epileptiform  insult.  Increased  hemichannel  opening  may 
lead  to  release  of  neurotoxic  molecules  or  cell  swelling,  which  would 
interfere  with  the  astrocytes  ability  to  buffer  the  environment.  Some 
of  the  reported  changes  in  astrocytes  in  the  epileptic  brain  include 
increased  coupling,  and  changes  in  voltage-gated  Na+  and  Ca2+ 
channels,  K+  channels,  aquaporins,  and  glutamate  receptors  [135, 
136].  This  increased  coupling  in  such  a  toxic  environment  may  lead 
to  increased  Ca2+  waves  that  place  such  a  load  on  the  astrocytes  that 
they  can  no  longer  protect  the  neurons.  These  findings  support  an 
astrocytic  basis  of  epilepsy;  pathological  changes  that  compromise 
astrocytic  buffering  capacity  may  enhance  bursting  activity,  syn- 
chronization of  neuronal  firing  and  the  spread  of  seizure  induced 
secondary  damage. 

3.2    Optic  Nerve  Connexin  43  AS  ODN  has  been  reported  to  reduce  inflammation 

Ischemia  in  an  optic  nerve  following  oxygen-glucose  deprivation  (OGD) 

[100].  Exposure  of  isolated  rat  optic  nerves  that  are  cultured  ex 
vivo  under  OGD  leads  to  inflammation  as  determined  by  an  increase 
in  tissue  swelling,  the  number  of  astrocytes  and  activated  microglia. 
This  inflammation  is  accompanied  by  an  increase  in  the  levels  of 
Cx43  protein,  which  starts  2  h  after  exposure  of  the  optic  nerve  to 
OGD  and  peaks  at  day  3.  Application  of  Cx43  AsODN  to  these 
optic  nerve  segments  lead  to  a  decrease  in  Cx43  levels  and  subse- 
quent dampening  of  the  inflammatory  response  by  reducing  tissue 
swelling,  improving  vascular  integrity  and  slowing  activation  of 
inflammatory  cells.  These  modifications  of  the  inflammatory 
response  resulted  in  reduced  lesion  spread  and  minimization  of  the 
gap  junction-mediated  bystander  effect  that  often  occurs  as  a  con- 
sequence of  CNS  injury.  These  findings  support  the  concept  that 
ischemic  injury  to  the  optic  nerve  is  associated  with  an  up-regulation 
of  the  local  inflammatory  response  that  is  at  least  partially  exacer- 
bated by  a  Cx43  gap  junction-mediated  bystander  effect. 


3.3  Spinal 
Cord  Injury 


Spinal  cord  injury  (SCI)  results  from  an  initial  mechanical  insult  to 
spinal  cord  tissue  followed  by  a  cascade  of  secondary  events  leading 
to  the  on-going  spread  of  tissue  damage.  This  secondary  injury 
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includes  inflammation,  ischemia,  free  radical  formation,  and  exci- 
totoxicity  leading  to  demyelination,  axonal  degeneration,  neuronal 
death,  cavitation,  and  glial  scarring  surrounding  the  area  of  initial 
damage  [137-139].  Astrocytes  and  microglia  are  activated  follow- 
ing tissue  damage.  While  these  cells  are  important  for  reestablishing 
tissue  homeostasis  [140-145],  they  also  produce  factors  that 
hinder  the  ability  of  injured  axons  to  regenerate  [146,  147]. 

Levels  of  Cx43  protein  in  astrocytic  gap  junctions  increase 
following  SCI  [17-20].  Levels  of  Cx43  mRNA  and  protein 
increase  within  4  h  of  injury  and  reach  three  times  the  normal  level 
by  4  weeks  post-injury  while  no  change  in  expression  of  con- 
nexin32  or  connexin36  is  seen  [17,  18].  Theriault  et  al.  [13] 
reported  that  Cx43-immuno reactivity  is  highest  in  areas  associated 
with  neuronal  loss  while  Cx43  labeling  is  normal  in  areas  where 
neurons  are  preserved.  They  demonstrated  gap  junction  disassembly 
in  astrocytes  directly  adjacent  to  the  injury  site,  which  may  be  an 
attempt  by  astrocytes  to  prevent  communication  with  neighboring 
cells.  This  is  thought  to  restrict  the  flow  of  death  signals  such  as 
gap  junction  mediated  transfer  of  Ca2+  and  nitric  oxide  to  neigh- 
boring cells  as  well  as  hemichannel  release  of  ATP,  glutamate,  and 
other  signals  that  contribute  to  lesion  spread  [148]. 

Down  regulation  of  Cx43  GJC  and  hemichannel  signaling 
reduces  inflammation  in  ex  vivo  and  in  vivo  models  of  spinal  cord 
injury.  Spinal  cord  segments  excised  from  p7  rat  pups  and  placed 
into  organotypic  culture  show  edema,  astrogliosis  and  neuronal 
cell  death  [19].  When  these  segments  are  treated  with  either  Cx43 
specific  AsODN  [103]  or  Cx43  mimetic  peptides  [19]  within  the 
first  hours  after  removal  from  the  animal,  there  is  a  reduction  in 
connexin43  levels,  reduced  astrocytosis  (GFAP  levels)  and  reduced 
loss  of  NeuN  and  SMI-32  positive  neurons  in  a  concentration  and 
time  dependent  manner  [19].  This  ex  vivo  model  has  also  been 
used  to  investigate  the  potential  of  Cx43  regulation  as  a  tool  for 
testing  spinal  cord  injury  repair  strategies  [103]  and  this  will  be 
discussed  in  more  detail  in  section  4.2. 

Connexin43  AsODN  has  been  used  to  regulate  connexin43 
function  in  in  vivo  spinal  cord  injury  hemisection  and  compression 
injury  models  [20].  Treated  hemisection  wounds  showed  reduced 
swelling  and  hemorrhagic  inflammation  than  corresponding 
controls  at  24  h,  and  markedly  reduced  tissue  disruption  was 
reported.  In  a  compression  injury  model  increased  Cx43  expression 
was  seen  in  astrocytes  and  small  vessels  around  the  injury  site. 
A  marked  up-regulation  in  GFAP  expression  within  6  h,  along 
with  microglial  activation  and  neutrophil  invasion  also  occurred. 
Treatment  with  Cx43  AsODN  reduced  the  levels  of  Cx43,  GFAP+ 
astrocytes,  microglia  activation  and  neutrophil  invasion  as  well  as 
leading  to  an  improvement  in  locomotion  as  assessed  using  the 
Basso,  Beattie,  Bresnahan  (BBB)  locomotor  rating  scale  [149]. 
Cx43  AsODN  also  significantly  reduced  blood  vessel  leakiness  as 
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determined  by  release  of  BSA-FITC  from  the  vessel  bed,  resulting 
in  less  recruitment  of  blood  borne  inflammatory  cells  and  a  damp- 
ening down  of  inflammation  [20]. 

Mimetic  peptides  can  also  lead  to  improved  behavioral  out- 
comes, reduced  swelling,  reduced  inflammation  and  improved 
neuronal  survival  in  a  severe  in  vivo  rodent  impact  injury  model 
(O'Carroll  et  al.,  unpublished  data).  In  these  studies,  a  dose  of 
20  [imol/kg  of  the  Cx43  mimetic  peptide  Peptide5  was  delivered 
directly  to  the  spinal  cord  lesion  via  intrathecal  catheterization  and 
osmotic  mini-pump  for  24  h  after  injury.  Treatment  with  Peptide5 
lead  to  a  significant  improvement  in  hind-limb  function  as  assessed 
using  the  BBB  scale.  Immunohistochemistry  of  tissue  sections  at  5 
weeks  showed  reductions  in  astrocytosis,  a  decrease  in  the  number 
of  phagocytic  and  activated  microglia  adjacent  to  the  injury  and  an 
increase  in  motor  neuron  survival.  This  demonstrates  that  admin- 
istration of  Peptide  5  reduces  secondary  tissue  damage  after  spinal 
cord  injury.  In  experiments  where  delivery  of  the  peptide  was 
delayed  until  1  h  after  injury,  a  significant  behavioral  improvement, 
reduction  in  gliosis  and  increase  in  neuronal  survival  was  still 
observed.  The  fact  that  functional  protection  is  observed  even 
when  delivery  of  the  peptide  is  delayed  supports  the  clinical  potential 
for  connexin  mimetic  peptides  for  the  treatment  of  spinal  cord 
patients.  Taken  together  these  data  support  the  idea  that  lessening 
the  inflammatory  response  via  regulation  of  Cx43  may  be  a  valuable 
target  for  therapeutic  intervention  after  spinal  cord  injury. 

3.4  Retinal  Ischemia  It  is  well  recognized  that  in  the  retina,  like  the  brain  and  spinal 
cord,  ischemia-reperfusion  leads  to  neuronal  cell  death  and 
increased  vascular  permeability  [150-152].  In  a  study  where  adult 
male  Wistar  rats  were  exposed  to  60  min  of  retinal  ischemia  fol- 
lowed by  reperfusion  a  significant  increase  in  Cx43  that  colocalized 
with  activated  astrocytes,  Muller  cells,  and  vascular  endothelial 
cells  was  seen.  This  coincided  with  significant  vascular  leakage  and 
disruption,  astrocytosis  and  subsequently  retinal  ganglion  cell 
(RGD)  death.  Cx43  expression  on  astrocytes  surrounding  the  vas- 
culature plays  a  role  in  controlling  blood  vessel  permeability  [153] 
through  astrocytic  propagation  of  calcium  waves  [153,  154]  either 
by  inositol  trisphosphate  spread  through  Cx43 -containing  gap 
junctions  between  astrocytes  and  endothelial  cells  or  extracellular 
ATP  spread  that  may  also  be  facilitated  by  hemichannel  release  of 
ATP  [155].  This  report  stated  that  Cx43  expression  in  endothelial 
cells  may  play  an  important  independent  role  in  the  permeability  of 
blood  vessels  and  subsequent  inflammatory  cascade  leading  to 
RGC  death.  Delivery  of  a  single  intraperitoneal  injection  of  Cx43 
mimetic  peptide  (Peptide5)  immediately  after  the  ischemic  event 
significantly  reduced  vasculature  leakage.  Localized  patches  of 
Cx43  up-regulation  associated  with  abnormal  GFAP  expression 
during  the  reperfusion  following  ischemia  suggest  a  causal  link 
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between  vascular  dysfunction  and  the  glial  inflammatory  response. 
Blocking  Cx43  mediated  vascular  leakage  led  to  a  reduction  in 
astrocytosis  and  increased  retinal  ganglion  cell  survival  to  a  level 
comparable  to  that  of  uninjured  retinas.  In  vitro  studies  on  both 
human  and  rodent  endothelial  cells,  in  the  absence  of  astrocytes, 
demonstrated  that  endothelial  cell  death  following  hypoxia- 
reperfusion  was  mediated  directly  by  opening  of  Cx43  hemichan- 
nels  in  endothelial  cells.  Hemichannel  opening  and  cell  death  were 
prevented  using  both  nonspecific  gap  junction  and  hemichannel 
blockers  as  well  as  the  Cx43  mimetic  peptide  at  a  concentration 
that  blocks  hemichannels  but  does  not  uncouple  gap  junctions 
[19].  This  suggests  that  endothelial  cell  death  and  vessel  leak  may 
occur  independently  of  astrocytosis  and  in  fact,  vascular  leak 
appears  to  trigger  astrocytosis. 

3.5  Fetal  Ischemia  Perinatal  hypoxia-ischemia  at  term  is  caused  by  a  transient  hypoxic- 
ischemic  event  and  can  lead  to  severe  encephalopathy,  with  a  high 
risk  of  death  or  disability  [156,  157].  This  transient  ischemia  leads 
to  spreading  damage  over  days  to  weeks  after  the  insult  [158, 159]. 
While  the  mechanisms  of  this  spread  are  not  understood,  there  is 
evidence  to  suggest  that  gap  junctions  may  play  a  role  in  the  spread 
of  injury  following  fetal  ischemia.  Nonspecific,  global  gap  junction 
blockers  have  been  reported  to  provide  protection  in  rat  pups  after 
intrauterine  hypoxia-ischemia  [160].  Hemichannels  are  reported 
to  open  following  oxygen  glucose  deprivation,  metabolic  inhibi- 
tion or  low  extracellular  calcium  ion  levels  [39,  40,  161,  162].  In 
a  recent  study,  a  chronically  instrumented  near  term  (0.85  gesta- 
tion) fetal  sheep  model  of  brain  ischemia  [159]  was  used  to  deter- 
mine if  blockage  of  Cx43  hemichannels  using  connexin  mimetic 
Peptide5  would  provide  neuroprotection  [16].  In  this  model, 
occluder  cuffs  are  placed  around  both  carotid  arteries  and  ischemia 
was  induced  by  reversible  inflation  with  saline  for  30  min.  This  is  a 
well-characterized  large  animal  model  of  fetal  ischemia  and  brain 
maturation  which  is  considered  equivalent  in  many  respects  to  the 
human  infant  at  term.  Following  transient  fetal  ischemia  Cx43 
mRNA  is  up-regulated  within  6  h  in  the  intragyral  white  matter 
and  cortex.  These  are  regions  that  are  commonly  damaged  follow- 
ing ischemia  in  human  fetuses  [163].  In  order  to  establish  whether 
this  increase  in  Cx43  mRNA  would  lead  to  a  corresponding 
increase  in  Cx43  hemichannels,  a  PI  dye  uptake  method  was  used. 
This  confirmed  that  hemichannels  do  open  after  ischemia  in  the 
fetal  sheep,  and  that  dye  uptake  in  the  white  matter  could  be  also 
be  reduced  by  treatment  with  Peptide5.  Cx43  hemichannels  are 
predominantly  found  on  astrocytes,  and  white  matter  comprises  a 
large  number  of  astrocytes,  providing  a  potential  tissue  target  for 
the  mechanism  of  action  of  the  mimetic  peptide. 

To  test  if  Peptide5  would  be  protective,  in  one  group 
50  umol/kg  of  peptide  was  infused  over  1  h  starting  90  min  after 
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the  end  of  the  occlusion  (short  infusion)  or  over  1  h  followed  by 
50  ^mol/kg  over  24  h  (long  infusion)  in  a  second  group.  A  pep- 
tide that  does  not  inhibit  Cx43  hemichannels  was  used  as  a  control 
[19].  Following  transient  ischemia,  brain  activity  as  measured  by 
electroencephalogram  (EEG)  was  suppressed  and  remained  sup- 
pressed for  8  h  following  reperfusion.  EEG  power  then  increased 
simultaneously  with  the  onset  of  a  period  of  intense  seizure  activity 
that  lasts  for  approximately  48  h.  In  the  control  animals,  total  EEG 
power  fell  to  below  baseline  levels  while  a  progressive  increase  in 
EEG  was  seen  in  both  peptide  infusion  groups,  followed  by  a 
marked  delay  in  post-ischemic  seizures,  reduced  duration  of  sei- 
zures and  more  discrete  seizures  than  controls.  In  human  term 
infants  with  acute  neonatal  encephalopathy,  an  increase  in  back- 
ground EEG  activity  within  the  first  24  h  has  been  associated  with 
better  outcome  than  in  infants  whose  background  activity  remained 
suppressed  [164].  Status  epilepticus  is  associated  with  a  worse  out- 
come than  discrete  seizures,  suggesting  that  periods  of  status  epi- 
lepticus either  cause  or  are  a  result  of  greater  damage.  It  is  possible 
that  Peptide5  may  reduce  propagation  of  abnormal  seizure  activity 
by  inhibiting  purinergic  release  [33],  calcium  entry  [165],  or  glu- 
tamate  release  from  astrocytes  [31].  Furthermore,  peptide  treat- 
ment led  to  a  significant  reduction  in  the  time  taken  for  sleep  state 
cycling  to  resume  in  both  the  Peptide5  groups  compared  to  the 
ischemia-vehicle  group.  Clinically,  in  normothermic  infants  with 
moderate  to  severe  hypoxic-ischemic  encephalopathy,  more  rapid 
recovery  of  sleep-wake  cycling  within  the  first  36-48  h  of  life  is 
associated  with  a  significantly  better  outcome  [164]. 

The  long  infusion  of  Peptide5  (see  above)  showed  an  improve- 
ment in  cortical  neuron  number.  Conversely,  while  the  short  infu- 
sion group  did  not  show  improvement  in  the  numbers  of  cortical 
neurons,  some  functional  improvements  were  still  seen.  This  sug- 
gests a  complex  relationship  between  neuron  numbers  and  brain 
activity  that  may  be  influenced  by  the  survival  and  function  of 
other  cell  types.  This  idea  is  supported  by  the  fact  that  the  long- 
peptide  infusion  was  associated  with  significantly  improved  oligo- 
dendrocyte survival  in  the  intragyral  and  periventricular  white 
matter,  suggesting  that  improved  survival  of  support  cells  in  white 
matter  contributed  to  functional  recovery  [166].  Pathological 
conditions  lead  to  glial  cell  activation  and  release  bioactive  mole- 
cules such  as  glutamate,  cytokines,  prostaglandins  and  ATP  that 
increase  the  activity  of  astroglial  hemichannels,  reducing  the  astro- 
cyte neuroprotective  functions,  and  further  reducing  neuronal  cell 
viability.  During  pathology,  ATP  is  also  released  from  damaged 
cells  and  acts  as  a  cytotoxic  factor  [167].  Release  of  neurotoxic 
molecules  such  as  ATP  is  known  to  contribute  to  myelin  degen- 
eration of  axons  [168].  A  possible  mechanism  by  which  Peptide 5 
is  protecting  oligodendrocytes  is  by  preventing  the  release  of 
ATP  or  other  toxic  molecules  from  glial  Cx43  hemichannels. 
Alternatively  it  may  be  preventing  cell  damage,  for  example 
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endothelial  cell  death  following  swelling  caused  by  hemichannel 
opening  and  abnormal  water  and  electrolyte  uptake,  which  results 
in  subsequent  release  of  toxic  molecules  into  the  parenchyma. 

Given  the  significant  reduction  in  seizures  and  improvements 
in  brain  activity  and  oligodendrocyte  survival,  these  data  provide 
for  the  first  time  direct  in  vivo  evidence  in  a  relevant  large  animal 
model  that  Cx43  hemichannels  play  an  important  role  in  amplifica- 
tion and  propagation  of  brain  injury  after  reversible  ischemia,  that 
Cx43  hemichannels  contribute  to  ongoing  spread  of  injury  well 
after  reperfusion  from  cerebral  ischemia  and  inhibition  of  connexin 
hemichannels  has  potential  as  a  therapeutic  neuroprotective  inter- 
vention following  fetal  hypoxia-ischemia. 

3.6   Skin  Wounds  As  described  in  section  1.2,  changes  in  Cx43  expression  and  local- 

ization appears  to  play  a  key  role  following  skin  wounding.  The 
expression  of  Cx43  at  a  skin  wound  site  changes  throughout  the 
healing  process,  decreasing  in  wound  edge  keratinocytes  as  they 
become  migratory  but  increasing  in  the  wound  edge  blood  vessels 
as  they  become  leaky  [20,  50,  51,  69, 169].  Cx43  protein  is  turned 
over  relatively  quickly  compared  to  other  structural  type  proteins, 
with  the  Cx43  half-life  reported  to  be  approximately  1.5  h  [170, 
171].  This  half- life  means  that  its  expression  can  effectively  be  tar- 
geted with  Cx43  AsODNs  using  topical  delivery  with  Pluronic  gel. 
Application  of  Cx43  AsODN  in  Pluronic  gel,  to  a  skin  wound  can 
achieve  a  knockdown  of  Cx43  protein  in  wound  edge  keratino- 
cytes and  fibroblasts  within  2  h  and  can  also  suppress  the  up-regu- 
lation  of  Cx43  that  normally  takes  place  in  blood  vessels  as  they 
become  leaky  [20,  23,  54].  This  has  the  effect  of  speeding  the 
transition  of  the  keratinocytes  and  fibroblasts  into  migratory  phe- 
notypes  which  promotes  the  rate  of  wound  healing  whilst  at  the 
same  time  dampening  down  the  inflammatory  response  [23,  54]. 
A  similar  acceleration  of  healing  has  also  been  reported  in  the  Cx43 
conditional  knockout  mouse  [172].  The  decreased  inflammatory 
response,  following  Cx43  AsODN  treatment  of  wounds  can  be 
seen  macroscopically  early  in  the  healing  process  in  terms  of 
reduced  extravasation  of  fluids  and  edema  in  the  wound  bed  and 
reduced  redness,  swelling  and  gape  of  the  wound  [23]. 
Microscopically  there  is  seen  to  be  a  significant  reduction  in  the 
number  of  neutrophils  in  and  around  the  wounds  at  days  1  and  2 
after  wounding  and  this  is  followed  by  a  reduced  number  of  mac- 
rophages [23,  54].  Depleted  numbers  of  neutrophils  have  previ- 
ously been  reported  to  promote  the  rate  of  re-epithelialization 
[173]  so  this  may  also  contribute  to  the  improved  wound  healing 
process.  Along  with  reduced  numbers  of  leukocytes  the  Cx43 
AsODN  treated  wounds  also  have  reduced  levels  of  inflammatory 
cytokines  and  chemokines  such  as  chemokine  ligand  2  (Ccl2)  and 
tumor  necrosis  factor  alpha  (TNF-oc),  which  would  normally  attract 
more  leukocytes  to  the  wound  site  and  promote  inflammation  [54, 
174].  Release  of  proinflammatory  signals  may  also  be  repressed  by 


534 


Simon  J.  O'Carroll  et  al. 


the  Cx43  AsODN  reducing  Cx43  expression  on  activated  leukocytes 
and  thereby  reducing  the  release  of  further  proinflammatory 
cytokines  and  chemokines  that  would  in  turn  recruit  more  leuko- 
cytes [55,  175-177]. 

Interestingly,  whilst  TNF-oc  and  Ccl2  were  found  to  be 
repressed  by  Cx43  AsODN  treatment  this  was  not  the  case  for 
transforming  growth  factor  beta-1  (TGFfi-1),  which  was  found  to 
be  enhanced  in  the  wound  edge  epidermis  and  dermis  2  days  after 
wounding.  TGFfi-1  is  known  to  act  as  a  motogen  and  mitogen  as 
well  as  enhancing  collagen  production  [178-180],  which  fits  in 
well  with  the  enhanced  proliferation  and  migration  observed  in  the 
wound  edge  epidermis  and  dermis  [54].  In  addition,  the  increased 
TGFfi-1  levels  in  the  dermis  correlate  with  enhanced  collagen  1 
expression  and  protein  production  at  days  2  and  7  in  Cx43  AsODN 
treated  wounds.  Significantly  enhanced  granulation  tissue  forma- 
tion and  maturation  with  earlier  angiogenesis  and  myofibroblast 
formation  and  resolution  was  seen,  and  this  resulted  in  smaller,  flat- 
ter scars  was  noted  [54].  Many  of  the  effects  that  are  observed  after 
the  application  of  the  Cx43  AsODN  to  the  wound  take  place  days 
after  the  direct  effects  of  the  antisense  have  worn  off.  Clearly  the 
effects  of  the  Cx43  antisense  on  the  very  early  stages  of  the  wound 
healing  process  have  profound  reprogramming  like  effects  on  the 
cascade  of  events  that  follow  throughout  the  healing  process. 

While  most  acute  wounds  heal  normally  without  any  problems 
in  just  a  few  days,  wound  healing  in  diabetic  humans  is  often  slow 
and  can  result  in  the  formation  of  ulcers,  which  can  be  very  debili- 
tating and  frequently  lead  to  lower  limb  amputations  [66,  181, 
182].  The  Federal  Drug  Administration  (FDA)  approved  model 
for  diabetic  chronic  wounds  is  the  streptozotocin  (STZ)  induced 
diabetic  rat,  which  has  retarded  healing.  Interestingly,  soon  after 
the  onset  of  diabetes  in  these  STZ  rats,  there  is  a  change  in  the 
expression  of  connexins  in  the  skin  where  Cx26  and  Cx43  are 
reduced  in  the  epidermis  and  Cx43  is  elevated  in  the  dermis  [101]. 
From  this  start  point  you  would  expect  keratinocyte  migration  to 
take  place  faster  as  they  have  less  Cx43  to  down-regulate  before 
they  start  to  migrate.  However,  on  wounding  the  STZ  diabetic  rat, 
instead  of  down  regulating  Cx43  in  the  wound  edge  keratinocyte 
Cx43  is  turned  on  and  a  bulb  of  nonmigratory  keratinocytes  forms 
at  the  edge  of  the  wound  [101].  Cx26  up-regulates  in  wound  edge 
keratinocytes  as  normal  but  is  not  restricted  to  the  wound  edge 
and  covers  a  much  wider  area  than  normal.  When  Cx26  expression 
is  driven  by  Involucrin  in  the  epidermis  of  transgenic  mice,  in  the 
heterozygote  mice  the  epidermis  is  hype rpro life rative  (as  it  is  in 
other  Cx26  over  expressing  skin  conditions  [183]  and  shows  a 
delay  in  restoration  of  barrier  function  and  remodeling  [184]. 
Together  these  abnormal  expression  patterns  will  interfere  with  the 
ability  of  the  migrating  keratinocytes  to  form  a  communication 
compartment  within  the  first  24  h  after  injury  and  this  may  relate 
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to  its  perturbed  repair.  Indeed,  the  healing  seems  to  stall  in  the  first 
24  h  and  does  not  begin  until  Cx43  down-regulation  occurs 
naturally  in  the  STZ  diabetic  rat  2  days  after  wounding  [101].  This 
abnormal  expression  of  Cx43  in  wound  edge  keratinocytes  of  the 
STZ  diabetic  rat  underlies  the  inability  to  heal,  since  if  Cx43 
expression  is  prevented  by  applying  Cx43  AsODN  to  the  wound 
then  the  wounds  heal  at  normal  rates  or  faster  [101].  Persistent 
expression  of  Cx43  in  keratinocytes  of  human  chronic  wounds  has 
previously  been  reported  [70]  and  human  diabetic  fibroblasts  in 
culture  have  been  shown  to  have  elevated  gap  junction  communi- 
cation and  disrupted  proliferation  [185,  186].  Strangely,  compari- 
son of  Cx43  and  Cx26  mRNA  and  protein  levels  in  human  diabetic 
and  nondiabetic  keratinocytes  revealed  no  differences  between 
them  [187].  More  recently,  it  has  been  reported  that  immunos- 
taining  and  Western  blot  analysis  of  Cx43  levels  in  cultures  of 
diabetic  and  nondiabetic  keratinocytes  and  fibroblasts  revealed  no 
differences  [73].  Clearly,  the  expression  of  Cx43  and  its  role  in  the 
perturbed  healing  of  human  chronic  wounds  needs  to  be  firmly 
established.  That  being  said,  phase  2  clinical  trials  using  the  Cx43 
AsODN  to  treat  venous  leg  ulcers  are  already  showing  positive 
effects  on  healing. 


4  Use  of  Cx43  AS  to  Develop  Ex  Vivo  Models  of  Disease 

4.1    Adult  Maintaining  central  nervous  system  tissue  in  organotypic  slice 

Hippocampal  Slice  culture  provides  the  advantage  of  being  able  to  study  biological 

Culture  processes  with  the  ease  of  an  in  vitro  situation  while  retaining  many 

aspects  of  the  in  vivo  context,  such  as  functional  local  synaptic 
circuitry  and  preservation  of  brain  architecture  of  the  tissue  under 
study.  However,  existing  culture  techniques  require  the  use  of 
immature  tissue  from  early  postnatal  animals  (P2-P10)  with 
success  reported  for  rats  up  to  10  postnatal  days  old  [188].  Previous 
studies  have  shown  that  slices  of  the  immature  rodent  brain  can  be 
maintained  in  culture  for  2  weeks  and  have  been  used  as  model 
systems  for  investigations  involving  multi-brain  regions  and  wide- 
spread neuronal  networks  [188-190].  In  many  cases,  however,  this 
tissue  most  likely  will  not  model  what  occurs  in  the  adult.  For 
example,  comparison  of  synaptic  development  in  cultures  derived 
from  different  aged  neonates  reveals  that  maturation  of  synaptic 
responses  occurs  more  rapidly  in  cultures  prepared  from  older 
animals  compared  to  those  from  the  young  [191].  Differences  in 
expression  profiles  of  specific  genes  between  developing  and 
mature  brain  tissues  may  interfere  with  interpretation  of  their 
involvement  in  pathophysiological  process  in  the  adult  [192]. 
Therefore,  an  organotypic  slice  culture  from  older  animals  is 
important  for  the  study  of  mature  brain  tissue  pathophysiology. 
Slices  from  adult  tissues  show  reduced  stability  in  vitro  following 
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the  trauma  of  the  slicing  and  culturing  procedure,  making  the 
development  of  such  systems  very  difficult.  Setting  up  of  organo- 
typic brain  slices  will  lead  to  acute  tissue  damage  and  lesion  spread 
as  has  been  shown  to  occur  via  gap  junction-mediated  calcium 
signaling  between  astrocytes  [21,  154,  193].  Reactive  gliosis 
occurs,  which  leads  to  up-regulation  of  astrocytic  Cx43  [21,  194]. 
It  has  also  been  suggested  that  mechanical  damage  may  induce 
hemichannel  opening,  allowing  release  of  ATP  and  glutamate  into 
the  extracellular  space  [31,  193,  195,  196],  with  these  toxic  mol- 
ecules causing  irreversible  cellular  damage  in  the  slice.  Therefore, 
preventing  die  propagation  of  these  toxic  signals  from  damaged 
cells  at  the  cut  surface  via  intercellular  gap  junctions  and  hemi- 
channels  may  allow  survival  and  successful  culture  of  slices  from 
adult  brains.  To  test  this,  adult  brain  organotypic  slices  were  set  up 
and  treated  with  Cx43AsODN  to  transiently  knock  down  Cx43 
expression  [99].  Brains  slices  from  14  to  40-day-old  Wistar  rats  cut 
at  150  or  350  were  cultured  for  2  weeks.  Prior  to  culture 
slices  were  treated  with  2  Cx43  AsODN  in  Pluronic  F-127. 
Slices  that  did  not  receive  Cx43AsODN  were  cultured  as  a  control. 
As  expected,  untreated  slices  showed  an  increase  in  the  expression 
of  Cx43  that  peaked  at  24  h  and  returned  to  low  levels  by  48  h. 
Treatment  with  Cx43  AsODN  prevented  this  up-regulation  of 
Cx43  for  48  h,  at  which  time  levels  were  equivalent  to  that  seen  in 
untreated  slices.  After  14  days  in  vitro  (DIV)  the  gross  morphol- 
ogy of  slices  from  14  day  old  rats  was  analyzed.  Brain  morphology 
remained  clearly  distinguishable  in  the  Cx43  AsODN-treated  slices 
and  appeared  remarkably  similar  to  freshly  cut  slices.  Conversely, 
the  control  slices  looked  swollen  and  disintegrated  and  no  clear 
structures  could  be  seen.  When  sections  were  stained  with  NeuN 
and  CMFDA  to  determine  neuronal  viability,  control  slices  showed 
a  disrupted  laminar  organization  of  the  hippocampus  and  the 
number  of  live  cells  was  reduced  compared  to  treated  slices.  A  loss 
of  structural  integrity  was  seen  in  the  untreated  control  slices,  while 
in  the  Cx43  AsODN-treated  slices,  the  pyramidal  cell  layers  were 
intact.  Using  histological  staining,  in  control  slices  extensive  fibrosis 
was  seen  in  regions  of  the  hippocampus  and  neurons  had  a  mor- 
phological appearance  typical  of  dying  neurons  (condensed  nuclei 
and  triangular  cell  shapes).  Extracellular  edema  was  also  noted 
around  neurons  of  the  control  sections.  In  contrast  neurons  in 
Cx43  AsODN  slices  appeared  to  look  healthy  as  assessed  by  mor- 
phology and  less  extracellular  edema  was  seen.  Comparable  pro- 
tection was  noted  in  slices  from  40  day  old  rats.  When  control 
segments  were  stained  for  NeuN,  there  was  severe  deterioration  of 
the  CA3  and  CA4  areas  with  virtually  all  of  the  neurons  in  the 
control  slices  were  lost  during  the  culture  period  and  the  remain- 
ing neurons  appeared  pyknotic.  Similar  to  day  14  rats,  Cx43 
AsODN  treatment  resulted  in  increased  viability  with  the  majority 
of  neurons  being  maintained   and  preservation  of  cellular 
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organization  of  the  hippocampus.  Due  to  extensive  growth  of  neu- 
ropil and  high  rigidity  in  adult  brain  tissue,  brain  slices  could  also 
be  cut  easily  at  a  reduced  thickness  of  150  (im  and  the  AsODN 
benefits  were  stilled  observed.  Owing  to  technical  challenges  asso- 
ciated with  adult  brain  slices  resulting  from  the  dense  network  of 
dendrites  and  astrocytic  processes  that  make  imaging  and  electro- 
physiological recording  difficult,  the  ability  to  culture  thinner  brain 
slices  is  advantageous.  Decreasing  Cx43  expression  reduces  lesion 
spread  and  bystander  directed  death  of  healthy  cells  beneath  the 
cut  surface,  allowing  for  the  culture  of  adult  rat  brain  slices.  As  the 
down  regulation  of  Cx43  by  Cx43  AsODN  occurs  within  the  first 
48  h,  Cx43  levels  would  be  normal  by  the  time  experiments  are  to 
be  carried  out.  Thus,  organotypic  culture  of  neural  tissue  from 
adult  rats  becomes  feasible.  Adult  rat  brain  tissue  will  reflect  more 
closely  the  pathology  of  neurodegenerative  diseases  in  human  than 
slices  from  younger  animals.  One  study  has  shown  that  slices  can 
be  cultured  successfully  from  20  to  21  day  old  rats  [  197] .  However, 
these  were  only  viable  for  7  days  and  were  400  um  thick.  The  abil- 
ity to  culture  for  at  least  14  days  will  allow  longer  term  experiments 
to  be  carried  out  and  furthermore,  the  ability  to  culture 
150  um-thick  adult  brain  slices  will  facilitate  imaging  and  maneu- 
vering of  electrodes  for  recording  purposes. 

4.2  Ex  Vivo  Spinal  Another  specific  example  where  ex  vivo  organotypic  cultures  can 
Cord  Segments  be  useful  is  in  modeling  spinal  cord  injury.  Animal  models  of  spinal 

cord  injury  require  relatively  complex  surgeries;  extensive  post 
injury  care  and  studies  can  take  many  weeks  if  locomotor  or  other 
behavioral  tests  are  to  be  carried  out.  Therefore,  the  development 
of  organotypic  cultures  for  pretesting  of  drugs  or  other  interven- 
tions prior  to  animal  experiments  is  useful.  A  number  of  ex  vivo 
spinal  cord  models  have  been  published  using  several  hundred 
micron  thick  transverse  slices  that  can  be  maintained  for  up  to 
4  weeks.  Examples  of  their  use  have  included  the  testing  of  neuro- 
protective strategies  and  transplantation  of  stem  cells  [198-201]. 
Studies  have  used  ex  vivo  spinal  cord  segments  to  look  at  acute 
spinal  cord  injury  but  these  have  only  been  maintained  for  up  to 
24  h  [202-204].  While  these  models  have  been  helpful  in  testing  a 
number  of  these  strategies,  the  long-term  culture  of  large  spinal 
cord  segments  that  will  more  accurately  reflect  the  structure  of  the 
intact  spinal  cord  would  provide  a  better  understanding  of  these 
neuroprotective  strategies.  This  would  also  provide  the  opportu- 
nity to  test  interventions  that  promote  axonal  regeneration,  which 
currently  can  only  be  carried  out  using  whole  animal  studies. 

We  have  developed  an  ex  vivo  model  of  spinal  cord  injury  to 
test  intervention  strategies  model  using  Cx43  AsODN  [103].  In 
this  model  Cx43  AsODN  application  reduces  lesion  spread  and 
inflammation.  The  natural  tissue  architecture  is  maintained  and 
increased  neuronal  survival  in  intact  post-natal  spinal  cord 
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segments  up  to  1.5  cm  long  is  seen.  This  novel  ex  vivo  organotypic 
spinal  cord  segment  culture  model  can  be  readily  maintained  for 
up  to  5  days  for  analysis  of  repair  strategies,  enables  reproducibility 
between  lesions  and  provides  a  tightly  controlled  artificial  environ- 
ment that  can  be  reliably  compared  between  studies. 

An  example  of  its  application  is  in  a  study  where  spinal  cords 
were  removed  from  post-natal  day  7  (P7)  Wistar  rats  and  cut  into 
1.5  cm  segments.  Left  and  right  sciatic  nerves  were  removed  and 
approximately  5  mm  long  nerve  segments  were  cut.  Nerves  were 
then  inserted  into  an  incision  made  in  the  of  the  spinal  cord 
segment.  2  Cx43AsODN  in  30  %  Pluronic  gel  F127  was 
applied  to  the  spinal  cord  to  completely  coat  the  tissue  and 
segments  were  cultured  for  4  days.  Cx43AsODN  application  to  ex 
vivo  spinal  cord  segments  led  to  increased  segment  viability  as 
assessed  using  the  CMFDA  live  cell  assay,  reduced  swelling,  lesion 
spread  and  inflammation.  Cx43AsODN  markedly  reduced  the 
microglial  activation  and  blood  vessel  endothelial  cell  loss  that  was 
seen  in  control  segments.  A  significant  increase  in  the  number  and 
health  of  lower  motor  neurons  was  also  seen.  When  the  peripheral 
nerve  graft  was  analyzed,  very  good  graft  to  spinal  cord  integration 
was  observed  in  Cx43AsODN  treated  segments.  Large  numbers  of 
SMI- 32  positive  axons  were  seen  at  the  cord/graft  interface  and 
many  had  entered  into  the  graft.  At  5  days  a  significant  increase  in 
the  number  of  fibers  entering  the  graft  (sixfold)  and  the  average 
length  of  the  fibers  (tenfold)  was  seen  compared  to  control  treated 
segments. 

Therefore  use  of  Cx43  AsODN  to  prevent  neuroinflammation 
resulting  from  removal  and  preparation  allows  for  long-term  cul- 
ture of  large  spinal  segments  (up  to  1.5  cm)  for  up  to  5  days.  These 
segments  will  more  accurately  reflect  the  structure  of  an  in  vivo 
spinal  cord  than  a  slice  that  is  only  several  hundred  microns  thick, 
potentially  allowing  for  more  accurate  testing  of  neuroprotective 
drugs  or  cell  transplantation  therapies.  Astrocytes  play  a  major  role 
in  spinal  cord  injury  and  modulation  of  astrocyte  activity  can  have 
significant  effects  on  axonal  regeneration.  In  an  environment 
where  the  CNS  is  not  damaged,  or  damaged  but  supplemented 
with  nerve  growth  factor,  astrocytes  can  support  axon  growth 
[205].  Whenever  axons  encounter  an  environment  where  damage 
to  the  CNS  has  occurred,  their  regeneration  is  inhibited.  The  glial 
scar  that  forms  after  spinal  cord  injury  includes  many  cell  types  but 
is  mainly  composed  of  astrocytes,  which  play  a  major  role  in  creat- 
ing a  nonpermissive  environment  for  axon  regeneration.  Transiently 
suppressing  Cx43  expression  inhibits  the  formation  of  a  hostile 
astrocyte  environment  and  possibly  maintains  the  astrocytes  in  a 
growth  supporting  phenotype.  Therefore,  this  is  a  novel  ex  vivo 
spinal  cord  segment  culture  that  can  be  used  as  a  model  to  test 
repair  strategies  for  axonal  regeneration.  The  benefits  of 
Cx43AsODN  should  also  be  applicable  in  vivo  where  the  removal 
of  an  existing  scar  during  a  repair  intervention  would  itself  create 
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damage,  lesion  spread,  and  lead  to  the  formation  of  a  new  glial  scar 
that  isolates  the  repair  from  the  host  tissue.  A  number  of  therapies 
that  have  been  tried  to  enhance  axonal  regeneration  have  been 
more  successful  when  carried  out  in  the  presence  of  growth  pro- 
moting factors  [206,  207].  Using  such  interventions  in  the  pres- 
ence of  Cx43  AsODN,  to  prevent  astroglial  activation  and  therefore 
creating  a  more  permissive  environment,  may  greatly  enhance  the 
success  of  these  repair  strategies. 


5   Concluding  Remarks 

Connexin  up-regulation  has  been  implicated  in  augmented  levels 
of  tissue  damage  spread  and  impaired  wound  healing  following 
inflammation.  This  review  describes  data  from  a  number  of  in 
vitro,  ex  vivo  and  in  vivo  models  that  demonstrates  transiently 
reducing  connexin  expression  or  blocking  gap  junction  or  hemi- 
channels  may  provide  therapeutic  opportunities  for  inflammatory 
diseases.  Specific  gap  junction  modulators  such  as  antisense  oligo- 
deoxynucleotides  and  connexin  mimetic  peptides  show  tangible 
promise  as  treatment  modalities  by  reducing  inflammation,  second- 
ary tissue  damage,  reducing  lesion  size,  and  improving  functional 
outcomes  and  wound  healing.  Modulation  of  Cx43  should  now  be 
considered  as  a  treatment  with  the  potential  to  improve  a  wide 
range  of  clinical  inflammatory  disorders. 
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Commercialization:  Patenting  and  Licensing 
in  Wound  Healing  and  Regenerative  Biology 

W.  Chip.  Hood  and  David  Huizenga 
Abstract 

Wound  healing  and  regeneration  is  an  area  rich  in  discovery  and  progress.  Models  of  resourcing  science  are 
changing,  thus  there  are  both  research  funding  and  commercial  incentives  for  developing  intellectual  prop- 
erty. This  chapter  focuses  on  the  initial  steps  of  commercial  development  of  a  patentable  discovery  such  as 
might  apply  to  an  invention  in  this  space,  and  indeed  other  areas  of  biomedical  science.  We  cover  the  basics 
of  patent  protection  and  licensing.  First,  we  address  why  research  results  often  need  to  be  patented  in  order 
to  provide  an  incentive  for  the  financial  investment  required  to  move  a  product  through  the  development 
and  approval  process.  Second,  we  discuss  the  basics  of  US  patent  law  and  address  certain  pitfalls  of  prema- 
ture disclosure  of  research  results.  Next,  we  inform  the  reader  of  significant  issues  relative  to  ownership  of 
IP  in  the  academic  and  industrial  worlds,  in  particular  the  interplay  of  consulting  agreements  and  employ- 
ment obligations.  Finally  an  overview  of  the  mechanics  of  the  licensing  process  is  provided. 

Key  words  Intellectual  property,  Patents,  Inventors,  US  patent  law,  Pitfalls,  Licensing 


1  Introduction 

Discoveries  from  scientific  research  are  the  catalyst  for  many  of  the 
products  that  make  our  society  better,  healthier,  happier,  and  pro- 
ductive. This  is  particularly  the  case  in  the  wound  healing  where 
there  many  unmet  clinical  needs  remain  and  useful  inventions  in 
this  area  could  improve  the  lives  of  patients  considerably.  The 
wound  healing  and  regeneration  area  is  also  a  space  rich  in  discov- 
ery and  progress.  However,  the  process  of  discovery,  invention, 
and  subsequent  commercialization  into  a  product  often  take  sub- 
stantial investment  of  time  and  monies  and  involve  significant 
financial  risk,  particularly  in  the  life  sciences  field. 

To  encourage  innovation,  sharing  of  knowledge,  and  this  type 
of  private  sector  investment  governments  often  offer  enhanced 
financial  returns  to  investors.  One  such  vehicle  for  enhancing 
returns  is  to  provide  market  exclusivity,  in  essence  a  monopoly,  in 
the  form  of  a  patent  for  a  new  invention.  This  chapter  introduces 
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the  theory  and  practicality  basics  for  how  and  why  the  process  of 
commercialization  utilizes  the  tool  of  patenting,  provided  for  by 
our  Founding  Father's  foresight  within  the  US  Constitution. 


2  What  Is  a  Patent? 

A  patent  is  a  document  granted  by  the  US  Government,  which 
provides  a  type  of  limited  monopoly.  This  monopoly  grants  the 
holder  of  the  patent  a  right  to  stop  others  from  making,  using,  sell- 
ing, or  distributing  the  patented  invention.  The  patent  owner  can 
file  a  lawsuit  against  the  accused  "infringer"  of  the  patent  for 
money  damages  as  well  as  an  injunction.  It  is  important  to  note 
that  a  patent  is  not  a  guarantee  of  rights  or  a  right  to  practice  the 
invention  defined  in  the  patent;  it  is  only  a  right  to  stop  others. 

Additionally,  issuance  of  a  patent  is  not  inevitable  just  because 
one  files  a  patent  application.  In  the  USA  and  most  of  the  world, 
you  will  not  get  a  patent,  even  if  you  invented  invention  X,  if  the 
invention  was  disclosed  publically  first,  if  someone  else  filed  a  pat- 
ent application  on  the  invention  X  first,  or  you  failed  to  provide 
enough  information  in  the  patent  application  so  that  someone 
could  understand  and  practice  the  invention.  There  are  certain 
exceptions  to  these  general  concepts  so  the  reader  is  advised  to 
seek  advice  from  a  patent  attorney  or  patent  agent  as  soon  as  pos- 
sible and  prior  to  any  public  disclosures. 

All  of  these  requirements  and  constraints  on  patenting  arise 
from  the  basic  quid  pro  quo  of  society  granted  monopolies,  in  this 
case,  patents.  The  US  Constitution  in  Article  I,  section  8  estab- 
lishes this  quid  pro  quo  from  the  birth  of  our  nation  stating, 

We  the  People  [provide]  ...  Congress  the  [power]  ...  [t]o promote  the 
progress  of  science  and  useful  arts,  by  securing  for  limited  times  to 
authors  and  inventors  the  exclusive  right  to  their  respective  writings 
and  discoveries  (U.S.  Const,  art.  I,  §  8) 

In  general,  this  is  saying  that  we,  the  People,  through  Congress 
give  you,  the  inventor,  a  limited  monopoly  if  you,  the  inventor, 
give  we,  the  People,  your  invention.  This  establishes  two  funda- 
mental principles  of  patenting:  The  invention  must  not  be  already 
known  and  it  must  be  fully  disclosed  in  the  patent.  This  is  the  basic 
underpinning  all  patent  laws  and  patent  rules,  and  importantly  for 
the  scientist  it  guides  and  directs  all  decisions  a  scientist  can  make 
with  respect  to  patenting,  and  the  consequences  therefrom. 

The  laws  requiring  a  patentable  invention  to  be  useful,  new, 
nonobvious,  described,  and  enabled  flow  directly  from  society  not 
wanting  to  give  a  monopoly  on  something  already  publically  known, 
i.e.,  not  new  or  nonobvious.  The  disclosure  requirements  flow  from 
the  desire  to  grant  a  monopoly  only  where  the  inventor  has  made  a 
full  and  complete  disclosure  of  the  invention  so  that  when  the 
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limited  monopoly  time  runs  out,  the  public  can  practice  the  invention. 
Would  it  be  fair  if  an  inventor  was  able  to  get  a  patent  and  charge  a 
monopoly  price  for  his  invention,  and  then  when  that  monopoly 
time  ran  out,  the  inventor  was  still  able  to  charge  a  monopoly  price 
because  he  left  out  a  required  piece  of  information  that  only  he 
knew,  so  that  only  he  could  make  or  use  the  invention? 

While  not  directly  saying  it,  this  quid  pro  quo  becomes  like  a 
contract  between  the  public  and  the  inventor.  Like  all  contracts, 
there  must  be  something  of  value  exchanged,  consideration,  for 
the  agreement.  In  the  case  of  a  patent,  the  inventor  provides  full 
disclosure  for  malting  and  using  the  new  invention,  as  consider- 
ation for  the  limited  time  and  scope  monopoly  provided  by  the 
government. 

In  the  USA,  while  the  right  to  patent  arises  from  the 
Constitution,  the  mechanics  of  getting  and  using  a  patent  come 
from  statutes  passed  by  Congress  and  regulations  promulgated  by 
the  United  States  Patent  and  Trademark  Office  (USPTO),  a  part 
of  the  Executive  branch  of  our  government.  To  prosecute  a  patent 
in  the  USPTO — the  process  of  applying  for  a  patent — one  must  be 
either  the  inventor  or  a  Patent  Attorney  or  Agent  that  has  a  techni- 
cal background  and  passed  a  special  test  on  the  laws  and  rules  of 
patents.  For  disputes  over  the  granting  or  enforcement  of  a  patent, 
the  Federal  Courts  have  exclusive  jurisdiction.  This  creates  the 
sometimes  confusing  situation  of  having  nonscientist  members  of 
the  judiciary  defining  and  controlling  issues  that  are  often  funda- 
mentally scientific  in  nature.  This  is  why  all  registered  patent  law- 
yers in  the  USA  must  have  both  a  scientific  background,  such  as  an 
engineering,  biological  sciences  or  chemistry  degree  as  well  as  a 
law  degree  so  that  the  communication  and  ultimate  translation  of 
science  to  legal  language  starts  with  some  order. 

While  the  American  Patent  System  has  been  modeled  on  and 
provided  the  foundation  for  systems  around  the  world,  a  patent 
from  the  USA  does  not  give  its  holder  rights  in  any  other  country. 
At  this  time,  there  are  no  "worldwide"  patents.  Instead  each  coun- 
try or  region  grants  its  own  geographically  limited  monopoly.  This 
system  to  the  uninitiated  seems  nearly  intractable,  and  even  to 
those  having  maneuvered  within  it  for  years  can  at  times  be  baffled 
by  the  unique  attributes  residing  within  each  system.  It  can  also  be 
quite  expensive. 

An  inventor  can  find  hope,  however,  in  remembering  he  or  she 
only  must  initially  file  a  patent  application  in  their  home  country  to 
"put  a  stake"  in  the  ground  for  the  rest  of  the  world  too.  Treaties, 
such  as  the  Paris  Treaty  and  the  Patent  Cooperative  Treaty  (PCT), 
make  this  possible.  Inventors  in  all  countries  can  file  their  patent 
application  in  their  home  country,  and  know  that  as  long  as  they 
file  their  international  applications  within  1  year  from  the  day  they 
filed  their  first  application  regarding  the  invention  in  their  country, 
they  can  get  the  benefit  in  the  international  countries  as  if  they  filed 
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it  on  that  earlier  date,  as  long  as  certain  requirements  are  present. 
However,  eventually  applications  must  be  filed  in  each  individual 
country  or  region  which  can  be  a  very  expensive  undertaking. 


3  What  Can  Be  Patented? 

While  there  are  interpretive  differences  around  the  world,  in  general, 
patents  are  granted  for  processes,  articles  of  manufacture,  composi- 
tions of  matter,  methods,  and  machines,  as  long  as  they  have  use- 
fulness, often  referred  to  as  industrial  utility  around  the  world. 
It  would  seem  that  these  four  categories  could  cover  just  about 
anything,  and  in  the  USA  they  have  been  interpreted  very  broadly. 

Of  importance  to  a  scientist  in  the  life  science  field  is  the  ques- 
tion of  whether  you  could  patent  life  itself.  In  1980,  the  US 
Supreme  Court  held  that  engineered  or  isolated  cells,  including 
cells  that  were  themselves  living  organisms,  were  under  the  umbrella 
of  the  patent  system.1  This  case  revolved  around  a  patent  covering 
bacteria  that  had  been  engineered  to  degrade  petroleum  products, 
and  the  question  was  could  someone  in  essence  own  these  live 
organisms.  When  the  Court  found  that  yes  one  could  so  own,  it 
breathed  life  into  the  famous  statement  arising  out  of  the  congres- 
sional hearings  on  the  1952  patent  act  stating,  "anything  under  the 
sun  that  is  made  by  man"  falls  within  the  patent  system.2 

In  another  famous  case,  the  Supreme  Court  redefined  when  a 
process  is  a  process  for  patent  purposes.  The  Supreme  Court  in 
Bilski  v.  Kappos  addressed  a  claims  drawn  to  what  are  commonly 
understood  as  business  method  invention.  Generally  the  issue  was 
whether  a  process,  such  as  that  carried  out  which  was  not  limited 
to  some  type  of  machine  or  produced  some  transformation  in  mat- 
ter was  patent  eligible  subject  matter.  The  Court  held  that  a  pro- 
cess for  patent  purposes  meant  the  common  understood  meaning 
of  process,3  but  it  reaffirmed  that  laws  of  nature,  physical  phenom- 
ena and  abstract  ideas  alone  cannot  be  patent  eligible  subject  mat- 
ter even  if  they  are  a  process.4  In  the  future,  significant  litigation 
will  likely  occur  around  whether  something  is  merely  a  law  of 
nature,  physical  phenomena,  or  abstract  idea,  but  the  court  affirmed 
that  when  the  method  is  grounded  in  a  machine  or  some  type  of 
physical  transformation  of  matter,  this  is  one  way  to  show  it  is  not 
merely  in  one  of  the  unacceptable  categories. 


1  Diamond  v.  Chakmbarty,  100  S.  Ct.  2204  (1980). 

2  Id.  at  2208  cz'fm^S.Rep.No.  1979,  82d  Cong.,  2d  Sess.,  5  (1952);  H.R.Rep. 
No.  1923,  82d  Cong.,  2d  Sess.,  6  (1952). 

3  Bilski  v.  Kappos,  130  S.  Ct.  3218,  3226  (S.  Ct.  2010)  (held  that  the  particular 
case  of  a  method  drawn  to  steps  relating  to  investment  did  not  meet  the  patent 
eligible  standard  because  it  violated  one  of  the  classes  of  subject  matter). 

*  Bilski  v.  Kappos,  130  S.  Ct.  3218,  3220  (S.  Ct.  2010). 
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Fig.  1  A  copy  of  the  first  issued  patent  for  a  substance  called  Potash.  Note  that  George  Washington,  the  first 
patent  office  commissioner,  has  signed  it 


Interestingly,  the  first  patent  ever  issued  was  to  a  method, 
shown  in  Fig.  1.  This  patent,  drawn  to  Potash,  was  for  a  method  of 
maldng  soap,  and  was  issued  by  the  head  of  the  PTO  at  the  time, 
President  Washington,  and  Thomas  Jefferson  reviewed  it. 


4  Statutory  Requirements  for  Getting  a  Patent 

4./  What  Is  Required  So,  if  one  has  a  process,  machine,  article  of  manufacture,  or  com- 
to  Get  a  Patent?  position  of  matter,  what  is  required  by  the  inventor  to  ultimately 

get  a  patent? 

4.1.1    Utility  First,  an  invention  must  have  utility,  meaning  the  invention  must 

have  a  useful  purpose,  beyond  knowledge.5  In  essence,  a  patentable 
invention  must  be  able  to  be  used  to  do  something,  or  make  something, 


5  Whoever  invents  or  discovers  any  new  and  useful  process,  machine,  manufacture,  or 
composition  of  matter,  or  any  new  and  useful  improvement  thereof,  may  obtain  a  patent 
therefore,  subject  to  the  conditions  and  requirements  of  this  title.  35  USC  101. 
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or  treat  something,  i.e.,  it  must  be  useful.  Life  science  discoveries 
rarely  have  issues  with  utility. 

4.1.2  Novelty  An  invention  must  be  novel  to  be  patentable,  2011  Leahy-Smith 

America  Invents  Act  as  defined  by  35  USC  sec  102. 6  Simplistically, 
"novel"  means  you  were  the  first  to  invent.  But  novelty  also  means 
your  invention  was  not  publically  known  prior  to  certain  dates 
associated  with  your  filing  of  a  patent  application.  Importantly,  the 
legal  framework  for  determining  novelty  is  changing  due  to  the 
recent  passage  of  new  patent  laws  in  the  USA. 


6  35  U.S.C.  102  Conditions  for  patentability;  novelty  and  loss  of  right  to  patent. 
A  person  shall  be  entitled  to  a  patent  unless 

(a)  The  invention  was  known  or  used  by  others  in  this  country,  or  patented 
or  described  in  a  printed  publication  in  this  or  a  foreign  country,  before 
the  invention  thereof  by  the  applicant  for  patent,  or 

(b)  The  invention  was  patented  or  described  in  a  printed  publication  in  this 
or  a  foreign  country  or  in  public  use  or  on  sale  in  this  country,  more  than 
1  year  prior  to  the  date  of  the  application  for  patent  in  the  USA,  or 

(c)  He  has  abandoned  the  invention,  or 

(d)  The  invention  was  first  patented  or  caused  to  be  patented,  or  was  die  sub- 
ject of  an  inventor's  certificate,  by  the  applicant  or  his  legal  representatives 
or  assigns  in  a  foreign  country  prior  to  the  date  of  the  application  for  patent 
in  this  country  on  an  application  for  patent  or  inventor's  certificate  filed 
more  than  12  months  before  the  filing  of  the  application  in  the  USA,  or 

(e)  The  invention  was  described  in — (1)  an  application  for  patent,  published 
under  section  122(b),  by  another  filed  in  the  USA  before  the  invention  by 
the  applicant  for  patent  or  (2)  a  patent  granted  on  an  application  for  pat- 
ent by  another  filed  in  the  USA  before  the  invention  by  the  applicant  for 
patent,  except  that  an  international  application  filed  under  the  treaty 
defined  in  section  351(a)  shall  have  the  effects  for  the  purposes  of  this 
subsection  of  an  application  filed  in  the  USA  only  if  the  international 
application  designated  the  USA  and  was  published  under  Article  21(2)  of 
such  treaty  in  the  English  language;  or 

(f)  He  did  not  himself  invent  the  subject  matter  sought  to  be  patented,  or 

(g)  (1)  during  the  course  of  an  interference  conducted  under  section  135  or 
section  291,  another  inventor  involved  therein  establishes,  to  the  extent 
permitted  in  section  104,  that  before  such  person's  invention  thereof  the 
invention  was  made  by  such  other  inventor  and  not  abandoned,  sup- 
pressed, or  concealed,  or  (2)  before  such  person's  invention  thereof,  the 
invention  was  made  in  this  country  by  another  inventor  who  had  not 
abandoned,  suppressed,  or  concealed  it.  In  determining  priority  of  inven- 
tion under  this  subsection,  there  shall  be  considered  not  only  the  respec- 
tive dates  of  conception  and  reduction  to  practice  of  the  invention,  but 
also  the  reasonable  diligence  of  one  who  was  first  to  conceive  and  last  to 
reduce  to  practice,  from  a  time  prior  to  conception  by  the  other. 

(Amended  July  28,  1972,  Public  Law  92-358,  sec.  2,  86  Stat.  501;  Nov.  14, 
1975,  Public  Law  94-131,  sec.  5,  89  Stat.  691.) (Subsection  (e)  amended 
Nov.  29,  1999,  Public  Law  106-113,  sec.  1000(a)(9),  113  Stat.  1501A-565 
(S.  1948  sec.  4505).)(Subsection  (g)  amended  Nov.  29,  1999,  Public  Law 
106-113,  sec.  1000(a)(9),  113  Stat.  1501A-590  (S.  1948  sec. 
4806).)(Subsection  (e)  amended  Nov.  2,  2002,  Public  Law  107-273,  sec. 
13205,  116  Stat.  1903.) 
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Prior  to  the  passage  of  the  Act,  an  inventor  in  the  USA  could 
prevail  and  be  granted  a  patent  even  if  they  were  not  the  first  to  file 
a  patent  application  claiming  their  invention.  They  did  however 
have  to  file  their  patent  application  within  1  year  of  a  public  disclo- 
sure of  the  invention  by  themselves  or  another.  Thus,  the  USA  was 
said  to  have  a  "one  year  grace  period." 

That  1-year  grace  period  is  changing  and  the  USA  is  now 
becoming  more  like  the  rest  of  the  world  in  that  we  are  adopting  a 
first  to  file  system.  In  short,  under  the  new  patent  laws,  to  prevail 
and  be  issued  a  patent  you  must  now  be  the  first  inventor  to  file 
and  you  must  file  before  any  public  disclosure  of  your  invention  is 
made.  There  is  one  allowance  provided  for  under  the  new  patent 
laws:  if  the  public  disclosure  is  your  own,  you  can  avail  yourself  of 
a  1  year  grace  period  and  file  your  application  within  1  year  of  your 
own  disclosure. 

The  rest  of  the  world  in  general  provides  no  grace  period  for 
your  own  public  disclosures  of  your  invention.  Thus  to  preserve 
international  rights,  a  patent  application  needs  to  be  filed  prior  to 
any  public  disclosure  of  your  invention  by  yourself  or  others. 

Therefore,  all  inventors  must  understand  what  makes  a  disclo- 
sure of  an  invention  a  disclosure  that  kills  patent  rights.  First  the 
disclosure  must  be  public.  For  purposes  of  patent  law,  public  means 
could  be  seen  or  could  be  found,  not  actually  found  or  seen.  For 
example,  if  an  invention  is  disclosed  within  an  undergraduate  thesis 
from  a  university  in  Zimbabwe,  this  is  considered  a  public  disclo- 
sure in  the  USA  as  well  as  Europe.  Any  publication  of  an  invention 
is  considered  a  public  disclosure.  In  fact,  if  a  manuscript  is  sent  to 
peers  for  review,  and  it  is  not  done  under  confidentiality,  this  would 
be  considered  a  disclosure.  However,  if  it  were  indicated  as  being 
under  confidence,  by  for  example,  the  journal,  then  it  would  not 
be  a  disclosure,  unless  the  reviewer  showed  someone  in  another 
lab,  who  was  not  an  authorized  reviewer.  This  action  would  create 
massive  problems  for  patenting  any  invention  contained  within  the 
manuscript.  Grants  are  another  area  that  can  create  disclosures, 
either  because  they  are  reviewed  without  confidentiality  in  place, 
or  there  is  unauthorized  disclosure  by  a  reviewer.  It  is  however 
generally  accepted  that  the  submission  of  a  grant  application  to  a 
federal  agency  (e.g.,  NIH)  is  considered  a  confidential  submission, 
until  it  is  funded,  at  which  point  the  abstract  is  typically  published 
and  the  body  of  the  grant  application  is  generally  available  under 
the  Freedom  of  Information  Act  (FOIA).  Grant  applications 
should  be  proactive  and  avail  themselves  of  the  avenues  for  mark- 
ing their  submission  confidential. 

Public  presentations  are  another  area  of  concern  for  an  inven- 
tor. Slides  or  a  poster  at  a  conference,  as  well  as  oral  disclosure  in 
either  the  talk,  or  at  the  poster,  or  even  at  a  cocktail  party,  are  all 
potential  public  disclosures  for  patent  purposes.  Lab  presentations 
if  non-lab  members  are  present,  as  well  as  departmental  talks  if  they 
are  not  closed,  are  both  potential  public  disclosures.  A  graduate 
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student's  thesis  or  dissertation  defense  and  subsequent  publication 
can  be  public  disclosures. 

Consultation  with  your  university's  tech  transfer  office,  corpo- 
rate IP  representative,  or  a  patent  attorney  or  agent  is  advised  prior 
to  making  any  of  these  types  of  presentations  or  disclosures.  In  many 
cases  there  are  solutions  and  work-arounds  that  will  allow  presenta- 
tion and  preserve  your  right  to  patent.  Confidentiality  agreements 
are  often  a  tool  used  to  preserve  the  ability  to  patent.  In  many  cases, 
filing  a  patent  application  can  be  done  prior  to  the  presentation, 
although  the  patent  application  should  fully  disclose  the  invention 
and  enable  one  of  ordinary  skill  to  make  and  use  the  invention. 

An  offer  to  sell  the  invention,  is  a  disclosure,  and  importandy 
this  is  not  cleansed  by  having  a  confidentiality  agreement  in  place. 
Thus,  any  offer  to  sell,  will  create  a  public  disclosure,  which  can  kill 
patent  rights.  Note  an  offer  to  license  is  not  consider  an  offer  to  sell, 
but  in  any  event,  should  not  be  undertaken  without  a  confidentially 
agreement  or  an  application  on  file.  Other  actions  that  should  never 
be  done  before  filing  a  patent  application  include  demonstrating  a 
prototype  to  a  public  group,  distribute  samples  of  the  product  to 
customers,  consumer  or  market  test  a  new  product,  display  or  dis- 
cuss in  detail  the  invention  at  a  trade  show,  offer  for  sale  or  sell  the 
product,  distribute  advertising  brochures  about  the  invention,  or 
disclose  invention  on  inventor's  or  company's  Web  site. 

4. 1.3  Nonobviousness  Even  if  an  invention  is  novel,  it  still  must  be  nonobvious  as  defined 
by  35  USC  1037  and  a  recent  Supreme  Court  case.  In  KSR  v. 
Teleflex,  (KSR  International  Co.  v.  Teleflex  Inc.  et  al.,  127  S.  Ct. 
1727  (2007)),  the  Supreme  Court  reaffirmed  that 

Under  §  103,  the  scope  and  content  of  the  prior  art  are  to  be  deter- 
mined; differences  between  the  prior  art  and  the  claims  at  issue  are  to 
be  ascertained;  and  the  level  of  ordinary  skill  in  the  pertinent  art 
resolved.  Against  this  background  the  obviousness  or  nonobviousness 


7 103  Conditions  for  patentability;  nonobvious  subject  matter. 

(a)  A  patent  may  not  be  obtained  though  the  invention  is  not  identically 
disclosed  or  described  as  set  forth  in  section  102  of  this  title,  if  the  differ- 
ences between  the  subject  matter  sought  to  be  patented  and  the  prior  art 
are  such  that  the  subject  matter  as  a  whole  would  have  been  obvious  at 
the  time  the  invention  was  made  to  a  person  having  ordinary  skill  in  the 
art  to  which  said  subject  matter  pertains.  Patentability  shall  not  be  nega- 
tived by  the  manner  in  which  the  invention  was  made. 

(b)  (1)  Notwithstanding  subsection  (a),  and  upon  timely  election  by  the 

applicant  for  patent  to  proceed  under  this  subsection,  a  biotechno- 
logical  process  using  or  resulting  in  a  composition  of  matter  that  is 
novel  under  section  102  and  nonobvious  under  subsection  (a)  of  this 
section  shall  be  considered  nonobvious  if 

(A)  Claims  to  the  process  and  the  composition  of  matter  are  con- 
tained in  either  the  same  application  for  patent  or  in  separate 
applications  having  the  same  effective  filing  date;  and 
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of  the  subject  matter  is  determined.  Such  secondary  considerations  as 
commercial  success,  long  felt  but  unsolved  needs,  failure  of  others, 
etc.,  might  be  utilized  to  give  light  to  the  circumstances  surrounding 
the  origin  of  the  subject  matter  sought  to  be  patented.  (KSR,  at  1734). 


(B)  The  composition  of  matter,  and  the  process  at  the  time  it  was  invented, 
were  owned  by  the  same  person  or  subject  to  an  obligation  of  assignment 
to  the  same  person. 

(2)  A  patent  issued  on  a  process  under  paragraph  (1) 

(A)  Shall  also  contain  the  claims  to  the  composition  of  matter  used 
in  or  made  by  that  process,  or 

(B)  Shall,  if  such  composition  of  matter  is  claimed  in  another  patent, 
be  set  to  expire  on  the  same  date  as  such  other  patent,  notwith- 
standing section  154. 

(3)  For  purposes  of  paragraph  (1),  the  term  "biotechnological  process" 
means 

(A)  A  process  of  genetically  altering  or  otherwise  inducing  a  single  - 
or  multi-celled  organism  to 

(i)  Express  an  exogenous  nucleotide  sequence,  (ii)  inhibit, 
eliminate,  augment,  or  alter  expression  of  an  endogenous 
nucleotide  sequence,  or  (iii)  express  a  specific  physiological 
characteristic  not  naturally  associated  with  said  organism; 

(B)  Cell  fusion  procedures  yielding  a  cell  line  that  expresses  a  spe- 
cific protein,  such  as  a  monoclonal  antibody;  and 

(C)  A  method  of  using  a  product  produced  by  a  process  defined  by 
subparagraph  (A)  or  (B),  or  a  combination  of  subparagraphs 
(A)  and  (B). 

(c)  (1)  Subject  matter  developed  by  another  person,  which  qualifies  as  prior 
art  only  under  one  or  more  of  subsections  (e),  (f),  and  (g)  of  section 
102  of  this  title,  shall  not  preclude  patentability  under  this  section 
where  the  subject  matter  and  the  claimed  invention  were,  at  the  time 
the  claimed  invention  was  made,  owned  by  the  same  person  or  sub- 
ject to  an  obligation  of  assignment  to  the  same  person. 

(2)  For  purposes  of  this  subsection,  subject  matter  developed  by  another 
person  and  a  claimed  invention  shall  be  deemed  to  have  been  owned 
by  the  same  person  or  subject  to  an  obligation  of  assignment  to  the 
same  person  if 

(A)  The  claimed  invention  was  made  by  or  on  behalf  of  parties  to  a 
joint  research  agreement  that  was  in  effect  on  or  before  the  date 
the  claimed  invention  was  made; 

(B)  The  claimed  invention  was  made  as  a  result  of  activities  under- 
taken within  the  scope  of  the  joint  research  agreement;  and 

(C)  The  application  for  patent  for  the  claimed  invention  discloses  or 
is  amended  to  disclose  the  names  of  the  parties  to  the  joint 
research  agreement. 

(3)  For  purposes  of  paragraph  (2),  the  term  "joint  research  agreement" 
means  a  written  contract,  grant,  or  cooperative  agreement  entered  into 
by  two  or  more  persons  or  entities  for  the  performance  of  experimental, 
developmental,  or  research  work  in  die  field  of  die  claimed  invention. 

(Amended  Nov.  8,  1984,  Public  Law  98-622,  sec.  103,  98  Stat.  3384;  Nov. 
1, 1995,  Public  Law  104-41,  sec.  1, 109  Stat.  3511.) (Subsection  (c)  amended 
Nov.  29,  1999,  Public  Law  106-113,  sec.  1000(a)(9),  113  Stat.  1501A-591 
(S.  1948  sec.  4807).)(Subsection  (c)  amended  Dec.  10,  2004,  Public  Law 
108-453,  sec.  2,  118  Stat.  3596.) 
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4. 1.4   Enablement  If  an  invention  is  new  and  nonobvious  and  has  a  use,  the  inventor 

and  Written  Description  must  finally  also  teach  how  to  make  and  use,  as  well  as  provide  a 
written  description  of  the  invention  (35  USC  112s).  Enablement 
is  the  concept  that  an  inventor  must  teach  enough  within  the  pat- 
ent application  that  when  combined  what  is  known  in  the  art 
would  allow  one  of  ordinary  skill  in  the  art  to  make  and  use  the 
invention.  For  example,  if  a  particular  plasmid  is  needed  to  make 
an  invention  involving  a  transformed  cell  work,  and  the  plasmid  is 
not  described  or  provided  in  the  application  and  it  cannot  be 
obtained  from  what  is  known  in  the  art,  then  any  claims  to  that 
transformed  cell  would  be  invalid  or  not  patentable  for  failure  to 
enable  the  invention.  This  type  of  issue  often  comes  up  within  bio- 
technology and  chemistry  related  inventions. 

Written  description  is  a  separate  requirement  from  the  enable- 
ment requirement  but  they  are  related.  The  written  description 
requirement  means  that  an  inventor  must  describe  with  words  his 
invention  in  such  a  way  that  one  of  skill  in  the  art  knows  that  the 
inventor  has  invented  it  or,  in  the  parlance  of  the  law,  he  "was  in 
possession  of  the  invention".9  While  it  can  be  very  difficult  to  know 
if  this  requirement  has  been  met  for  biotechnology  and  chemical 
related  inventions,  in  general,  an  inventor  should  be  thinking  about 
defining  the  invention  in  structural  terms  as  much  as  possible  to 


8 12  Specification.The  specification  shall  contain  a  written  description  of  the 
invention,  and  of  the  manner  and  process  of  making  and  using  it,  in  such  full, 
clear,  concise,  and  exact  terms  as  to  enable  any  person  skilled  in  the  art  to 
which  it  pertains,  or  with  which  it  is  most  nearly  connected,  to  make  and  use 
the  same,  and  shall  set  forth  the  best  mode  contemplated  by  the  inventor  of 
carrying  out  his  invention. The  specification  shall  conclude  with  one  or  more 
claims  particularly  pointing  out  and  distinctly  claiming  the  subject  matter 
which  the  applicant  regards  as  his  invention.A  claim  may  be  written  in  indepen- 
dent or,  if  the  nature  of  the  case  admits,  in  dependent  or  multiple  dependent 
form. Subject  to  the  following  paragraph,  a  claim  in  dependent  form  shall  con- 
tain a  reference  to  a  claim  previously  set  forth  and  then  specify  a  further  limita- 
tion of  the  subject  matter  claimed.  A  claim  in  dependent  form  shall  be  construed 
to  incorporate  by  reference  all  the  limitations  of  the  claim  to  which  it  refers.A 
claim  in  multiple  dependent  form  shall  contain  a  reference,  in  the  alternative 
only,  to  more  than  one  claim  previously  set  forth  and  then  specify  a  further 
limitation  of  the  subject  matter  claimed.  A  multiple  dependent  claim  shall  not 
serve  as  a  basis  for  any  other  multiple  dependent  claim.  A  multiple  dependent 
claim  shall  be  construed  to  incorporate  by  reference  all  the  limitations  of  the 
particular  claim  in  relation  to  which  it  is  being  considered.An  element  in  a 
claim  for  a  combination  may  be  expressed  as  a  means  or  step  for  performing  a 
specified  function  without  the  recital  of  structure,  material,  or  acts  in  support 
thereof,  and  such  claim  shall  be  construed  to  cover  the  corresponding  struc- 
ture, material,  or  acts  described  in  the  specification  and  equivalents 
thereof. (Amended  July  24, 1965,  Public  Law  89-83,  sec.  9,  79  Stat.  261;  Nov. 
14,  1975,  Public  Law  94-131,  sec.  7,  89  Stat.  691.) 

9  See  for  example,  the  famous  line  of  cases  flowing  from  Regents  of  the  University 
of  California  v.  Eli  Lilly,  119  F.3d  1559,  1568  (Fed.  Cir.  1997)  (1998). 
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meet  this  requirement.  For  example,  to  claim  a  chemical  entity,  one 
should  describe  the  structure  of  the  entity,  rather  than  the  function 
of  the  chemical  entity  or  the  result  of  using  the  chemical  entity. 
With  respect  to  proteins,  or  other  biomacromolecules,  one  should 
think  about  providing  the  primary  sequence,  rather  than  just  the 
function  of  the  protein,  such  as  a  kinase  or  even  how  it  could  be 
obtained. 

35  USC  also  has  a  requirement  for  providing  the  Best  Mode.10 
This  requirement  means  that  not  only  must  an  inventor  teach  the 
public  how  to  make  and  use  the  invention,  the  inventor  must  also 
provide  the  best  way  that  the  inventor  knows  of  at  the  time  of  filing 
the  patent  application  for  how  to  make  and  use  the  invention.  This 
requirement  was  the  basis  for  extensive  litigation  over  the  last  40 
years,  because  defendants  would  assert  that  this  requirement  was 
not  met  during  infringement  litigation.  However,  with  the  2011 
Leahy-Smith  America  Invents  Act,  it  is  unclear  if  this  will  continue 
to  be  the  case.  In  what  most  agree  is  a  very  confusing  statutory 
promulgation,  the  new  statute  requires  that  the  best  mode  be  pro- 
vided, but  that  the  failure  to  so  provide  is  not  a  reason  to  invalidate 
the  patent.  Time  and  litigation  are  the  means  for  bringing  clarity  to 
how  this  new  "toothless"  requirement  will  be  interpreted.  No 
doubt,  aggressive  patentees  will  push  these  issues  as  often  it  is 
desirable  to  not  disclose  the  preferred  way  of  doing  something  to 
forestall  competition. 


5   How  Is  an  Invention  Defined? 

There  is  one  way,  and  one  way  only,  that  an  invention  is  defined, 
and  that  is  through  the  "claims"  of  the  patent.  Legally,  an  inven- 
tion is  only  that  which  is  defined  by  the  claims.  Just  like  a  deed 
defines  the  metes  and  bounds  of  a  house  or  a  piece  of  property,  so 
to  the  claims  define  the  metes  and  bounds  of  an  invention.  A  deed 
could,  for  example,  say  "go  from  the  corner  of  Hill  and  Winding 
River  Avenue  150  ft  northwest  to  the  large  oak  tree,  go  250  ft 
North  East  to  the  bank  of  Winding  River,  follow  the  River  South 
by  South  East  for  500  ft,  and  return  to  the  corner  of  Hill  and 
Winding  River  Avenue."  This  description  would  define  the  hypo- 
thetical real  property.  Claims,  in  fact,  got  their  name  because  dur- 
ing the  Gold  Rush  of  1849,  the  prospectors  were  nocking  to  the 
hills  and  mountains  surrounding  San  Francisco  by  the  thousands, 
and  when  they  arrived,  they  were  "staking  their  claim"  by  literally 
placing  stakes  around  the  area  which  they  were  claiming  as  their 
own.  So  to,  when  an  inventor  sets  fortii  in  the  words  of  the  claim, 
he  or  she  is  "staking  their  claim"  to  their  invention. 


Supra  footnote  8. 
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6   Inventive  Process  and  Who  Is  an  Inventor? 

An  invention  is  denned  by  the  claims,  but  what  really  is  an  invention, 
and  when  is  it  complete?  An  invention  is  any  idea  that  has  become 
complete  in  the  mind  of  the  inventor  or  inventors.  It  is  does  not 
require  that  it  be  made  or  used.  In  the  language  of  patent,  law  and 
invention  is  complete  when  its  conception  is  complete,  and  a 
reduction  to  practice  is  required  if  without  such  a  reduction,  the 
conception  cannot  be  complete.  Conception  is  "the  formation  in 
the  mind  of  the  inventor,  of  a  definite  and  permanent  idea  of  the 
complete  and  operative  invention,  as  it  is  hereafter  to  be  applied  in 
practice".11  The  test  for  conception  has  been  described  as  "whether 
the  inventor  had  an  idea  that  was  definite  and  permanent  enough 
that  one  skilled  in  the  art  could  understand  the  invention;  [and] 
the  inventor  must  prove  his  conception  by  corroborating  evidence, 
preferably  by  showing  a  contemporaneous  disclosure".12 

Remembering  that  the  claims  of  a  patent  define  the  invention, 
it  follows  that  inventorship  cannot  be  determined  until  the  patent 
application  claims  are  drafted,  and  ultimately  until  claims  are  issued 
as  a  patent.  Thus,  in  the  USA,  there  are  mechanisms  for  getting  the 
inventors  corrected,  if  for  example,  the  claims  are  amended  during 
the  prosecution,  the  process  of  getting  a  patent  issued,  such  that 
inventorship  changes. 

An  inventor  is  anyone  who  contributes  significantly  to  either 
the  conception  or  reduction  to  practice  of  an  invention.  Questions 
of  joint  inventorship  can  be  difficult  questions,  however,  because 
the  analysis  is  different  than  the  analysis  that  takes  place  in  author- 
ship, for  example.  While  it  might  be  expedient  or  desired  to  have 
coauthors  as  coinventors,  coinventorship  does  not  necessarily  flow 
from  coauthorship. 

Joint  invention  is  when  an  invention  made  by  two  or  more 
persons.  This  means  that  joint  invention  requires  collaboration  and 
working  together  toward  a  solution  to  the  problem,  but  joint 
inventors  do  not  need  to  physically  work  together,  work  at  the 
same  time,  make  the  same  type  or  amount  of  contribution,  or 
make  a  contribution  to  the  subject  matter  of  every  claim.  What  is 
required  is  that  all  joint  inventors  contribute  to  the  conception  of 
the  idea.  For  example,  conception  of  a  chemical  substance  includes 
knowledge  of  both  the  specific  chemical  structure  of  the  com- 
pound and  an  operative  method  of  making  it.  A  knowledge  that 
the  chemical  substance  exists  without  knowing  what  the  chemical 
substance  specifically  is  would  likely  be  insufficient  for  complete 


ll~Hybritech  Inc.  v.  Monoclonal  Antibodies,  Inc.,  802  F.2d  1367,  1376,  231 
USPQ  81,  87  (Fed.Cir.1986)  (citation  omitted). 

^Burroughs  Wellcome  Co.  v.  Burr  Lab.,  Inc.,  40  F.3d  1223, 1228,  32  USPQ2d 
1915,  1919  (Fed.Cir.1994). 
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conception  of  the  chemical  substance.  Therefore,  people  involved 
in  determining  both  how  to  make  the  compound  as  well  as  what 
the  compound  is  should  be  considered  as  possible  co-inventors. 

Conception  follows  the  old  axiom  that  sometimes  it  is  easier  to 
know  what  it  is  not,  rather  than  know  what  it  is.  For  example,  mere 
assistance,  such  as  providing  well  known  principles,  or  explaining 
the  state  of  the  art,  do  not  amount  to  a  contribution  to  concep- 
tion.13 We  do  know  that  joint  invention  requires  collaboration, 
such  as  working  together  to  solve  a  problem.14  However,  joint 
inventors  need  not  "physically  work  together  or  at  the  same  time" 
or  "make  the  same  type  or  amount  of  contribution"  or  "make  a 
contribution  to  the  subject  matter  of  every  claim".15  What  is 
required  however  is  that  "each  ...  performs  ...  [at  least]  a  part  of 
the  task  which  produces  the  invention".16 

The  judicially  created  doctrine  of  "simultaneous  conception 
and  reduction  to  practice"  plays  a  significant  role  in  many  bio- 
technology related  inventorship  decisions.17  This  doctrine 
revolves  around  the  complicated  issues  of  description  and 
enablement  for  biotechnology  and  chemical  related  inventions 
findings  its  origin  in  the  premise  that  if  you  do  not  know  the 
structure  of  something  you  likely  had  not  yet  completed  the 
invention.  This  leads  to  the  idea  that  for  certain  types  of  inven- 
tions, say  a  cDNA  for  a  particular  gene,  you  may  know  it  exists, 
know  all  its  characteristics,  because  for  example,  you  have  the 
protein  in  hand,  but  if  you  do  not  know  the  particular  sequence 
of  the  cDNA  you  cannot  have  invented  the  cDNA  until  the 
cDNA  is  in  hand,  i.e.,  until  simultaneous  conception  and  reduc- 
tion to  practice  have  occurred.18 


13Ethicon  1460  citing  See  Sewall,  21  F.3d  at  416-17;  Shatterproof  Glass 
Corp.  v.  Libbey-Owens  Ford  Co.,  758  F.2d  613,  624,  225  USPQ  634,  641 
(Fed.Cir.1985).  "Providing  well-known  principles"  ...  or  [explaining]  the 
state  of  the  art  without  ever  having  "a  firm  and  definite  idea"  of  the  claimed 
combination  as  a  whole  does  not  qualify  as  a  joint  inventor."  Ethicon  at  1460 
citing  Hess,  106  F.3d  at  981  (citing  O'Reilly  v.  Morse,  56  U.S.  (15  How.)  62, 
111,  14  L.Ed.  601  (1853)).  Ethicon  1460. 

14 Kimberly-Clark  Corp.  v.  Procter  &  Gamble  Distrib.  Co.,  973  F.2d  911,917, 
23  USPQ2d  1921,  1926  (Fed.Cir.1992). 
1535  U.S.C.  §  116. 
"Ethicon  at  1460. 

17 Burroughs  Wellcome  Co.  v.  Barr  Lab.,  Inc.,  40  F.3d  1223,  1229,  (Fed.Cir. 
1996). 

18See  foundations  for  example  in  the  Federal  Circuit  statements,  "It  is 
undoubtedly  true  that  "[i]n  some  instances,  an  inventor  is  unable  to  establish 
a  conception  until  he  has  reduced  the  invention  to  practice  through  a  success- 
ful experiment."  Amgen,  927  F.2d  at  1206,  18  USPQ2d  at  1021;  Alpert  v. 
Slatin,  305  F.2d  891,  894,  134  USPQ  296,  299  (CCPA  1962)  (no  concep- 
tion "where  results  at  each  step  do  not  follow  as  anticipated,  but  are  achieved 
empirically  by  what  amounts  to  trial  and  error"). 
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7  Who  Owns  an  Invention? 

In  the  USA,  ownership  of  an  invention  always  starts  with  the  inventor 
or  coinventors.  This  means  that  without  assignment  of  the  inven- 
tion away  from  the  inventor  to  an  employer,  such  as  a  University  or 
Company,  the  invention  is  still  owned  by  the  inventor,  i.e.,  the 
employee.  Understand  that  this  does  not  mean  that  if  the  University 
or  Company  has  been  paying  for  the  salary  and  for  the  research 
that  there  would  not  be  legal  remedies  that  could  reduce  the  value 
of  the  invention  to  the  inventor,  but  as  a  starting  point  ownership 
is  in  the  inventor(s)  and  must  be  assigned  away. 

For  an  academic  scientist,  there  is  usually  a  university  intellec- 
tual property  policy  that  sets  out  when  the  university  owns  of  an 
invention.  For  those  employed  in  industry  there  is  often  a  policy 
and  some  form  of  documentation  executed  upon  hiring  that  grants 
ownership  of  inventions  to  the  employer.  Consulting  agreements 
and  research  agreements  also  often  contain  provisions  related  to 
ownership  of  inventions.  A  recent  Supreme  Court  case  between 
Stanford  University  and  Roche  highlighted  the  precarious  situa- 
tion an  academic  research  can  be  placed  in  by  simply  signing  a 
consulting  or  research  agreement.  Researchers  at  Stanford  collabo- 
rated with  Cetus  Inc.  on  development  of  methods  for  using  PCR 
for  HIV  quantitation.  Stanford  eventually  obtained  patents,  and 
Roche  purchased  Cetus.  Stanford  approached  Roche  to  take  a 
license  to  the  patents  covering  the  developed  method,  and  Roche 
declined.  When  Stanford  sued  for  infringement,  Roche  defended 
by  asserting  amongst  other  things,  Stanford  lacked  standing 
because  they  lacked  ownership.  The  inventor  had  executed  a  con- 
sulting and  research  agreement  that  assigned  over  his  inventions  to 
Cetus  (now  Roche.)  The  Stanford  intellectual  property  policy 
merely  required  the  inventor  to  assign  inventions  at  some  future 
date  upon  request  of  the  university.  Eventually  this  case  found  its 
way  to  the  Supreme  Court  where  the  Court  found  that  future 
promises  to  assign  are  subordinate  to  actual  assignments  even  if  the 
assignment  occurs  prior  an  invention  occurring.  The  faculty  mem- 
ber thus  landed  in  a  most  difficult  and  tenuous  position,  as  well  as 
losing  out  on  the  generous  royalty  income  sharing  provided  for 
under  the  university  policy  but  not  under  the  Cetus  agreement. 


8  What  Is  the  Role  of  Collaborations  Between  Inventors  and  the  Licensing 
Companies? 

The  preceding  sections  dealing  with  inventorship  and  ownership 
highlight  the  pressure  that  collaborations  can  create  when  the 
financial  stakes  are  high.  Collaborations  often  initiate  and  then 
drive  the  pace  as  well  as  the  success  of  innovative  efforts.  However, 
when  those  efforts  are  funded  through  expected  returns,  as  in 
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company  research,  and  increasingly  in  university  federally  funded 
research,  collaborations  often  create  disputes.  Collaborations  are 
good  and  in  many  cases  necessary  to  success  of  research  compa- 
nies, but  they  need  to  be  managed. 

From  a  company  perspective  there  are  only  two  types  of  col- 
laborations: controlled  and  uncontrolled.  Companies  always  seek 
to  minimize  uncontrolled  collaborations  because  these  produce 
the  problems  and  litigations  that  can  arise  when  research  scientists 
begin  fertile  process  of  joining  forces.  When  collaborations  are 
uncontrolled,  ownership  can  be  lost,  patent  rights  can  be  inadver- 
tently (or  purposefully)  be  lost  because  of  disclosure,  and  trade 
secrets  can  be  lost  or  interfered  with,  all  of  which  create  potential 
competitors  rather  than  partners.  Forming  collaborations  under 
controlled  circumstances  minimizes  these  risks.  For  example,  col- 
laborations should  set  forth  through  contract  confidentiality 
expectations,  ownership  expectations,  and  expectations  regarding 
the  control  of  the  fruits  of  the  collaboration.  However,  even  under 
these  circumstances,  the  collaboration  can  decrease  the  value  of  the 
scientific  results  because  of  coinventorship,  loss  of  control, 
increased  issues  during  due  diligence  from  third  parties,  and 
decreasing  negotiating  leverage. 


9  What  Are  the  Steps  to  Get  a  Patent  and  the  Role  of  Inventor  in  the  Process? 

While  inventors  can  navigate  the  PTO  on  their  own  under  the  aus- 
pices of  being  pro  se  or  "for  themselves,"  it  is  highly  advisable  to 
seek  counsel  from  qualified  patent  attorneys  or  agents.  The  com- 
plexity of  the  laws  and  rules,  overlayed  with  the  very  difficult  job  of 
merging  the  language  of  science  into  and  onto  the  language  of  law 
provides  many  traps  for  the  inexperienced. 

The  process  of  getting  a  patent  starts  with  filing  a  patent  appli- 
cation. In  the  USA,  this  application  can  either  be  a  utility  patent 
application,  a  full  and  complete  application  that  has  the  possibility 
of  becoming  a  patent,  or  a  provisional  application,  which  while 
needing  to  meet  all  the  statutory  requirements  of  a  patent  applica- 
tion has  lower  formality  and  cost  requirements,  and  thus  often 
functions  as  a  placeholder.  Figure  2  shows  the  different  patent 
applications  that  can  be  filed  (related  to  a  utility  invention,  design 
patent  applications  can  also  be  filed,  but  follow  a  different  time 
line)  and  their  chronological  relationship.  An  inventor  can  first  file 
either  a  US  Utility  application  (can  become  a  patent)  or  a  US  pro- 
visional application  (cannot  become  a  patent  but  can  form  a  date 
basis  for  an  application  that  can  become  a  patent),  a  foreign  appli- 
cation, or  a  Patent  Cooperative  Treaty  (PCT)  application. 

Once  filed  this  first  application  starts  a  clock,  under  the  Paris 
Treaty  which  gives  the  Inventor  or  applicant  1  year  to  get  the 
remainder  of  the  applications  filed,  around  the  world,  such  as  other 
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Fig.  2  A  schematic  of  the  relationships  of  the  various  patent  applications  an  inventor  can  file  around  the  world. 
The  left  side  of  the  panel  indicates  a  general  time  line  starting  from  the  filing  of  the  first  patent  application.  The 
arrows  and  lines  connecting  the  various  types  of  patent  applications  indicates  that  they  are  related  through  a 
claim  of  priority,  one  of  the  requirements  for  giving  each  the  benefit  of  the  filing  date  of  the  first  filed  application 
in  the  chain 


foreign  applications  or  a  PCT  application.  A  PCT  application  is  a 
common  application  at  this  stage  because  it  functions  like  a  place- 
holder, like  a  US  provisional  application  it  cannot  become  a  patent, 
but  it  can  form  the  basis  of  applications  filed  at  a  later  date  which 
can  become  a  patent.  By  filing  a  PCT  application  at  the  12  month 
date,  one  can  delay  for  18  months  the  filing  of  any  application  in  a 
foreign  country  that  is  a  party  to  the  treaty  forming  the  PCT  (144 
as  of  September  2011).  This  can  delay  hundreds  of  thousands  of 
dollars  in  expenses,  as  filing  national  applications  around  the  world 
is  very  expensive  due  to  translation  costs  and  additional  foreign 
counsel  and  fees. 

At  the  30  month  date  from  the  first  filing,  national  applications 
can  be  filed,  including  the  filing  of  a  utility  patent  application  in  the 
USA,  and  in  Fig.  2,  applications  file,  for  example  in  Europe,  Japan, 
Canada,  and  Australia.  Within  many  countries,  as  prosecution  pro- 
ceeds, continuations  or  divisional  applications  can  be  filed  which 
are  facsimile  copies  of  the  original  application,  but  which  will  have 
slightly  different  claims  which  are  disclosed  within  the  original 
application. 
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If  a  provisional  application  is  filed,  the  applicant  has  1  year 
within  which  to  file  a  utility  patent  application  (as  well  as  interna- 
tional applications)  claiming  priority  (asserting  the  benefit  of  the 
first  filing  date)  to  the  provisional  application.  Once  a  utility  appli- 
cation is  on  file,  there  are  a  number  of  actions  and  formalities,  such 
as  a  Declaration  of  Inventorship,  and  the  filing  of  an  Information 
Disclosure  Statement  that  must  be  accomplished. 

In  addition,  there  normally  is  a  back  and  forth  between  the 
PTO  and  the  applicant,  regarding  the  patentability  of  the  claims. 
This  takes  the  form  of  written  argument  from  "each  side"  regard- 
ing things  like  novelty,  nonobviousness,  and  the  scope  of  the 
claims.  Eventually,  the  Applicant  and  the  PTO  either  come  to 
agreement  on  the  language  of  the  claims  or  the  application  is  finally 
denied  as  unpatentable  for  one  or  more  reasons.  If  an  Applicant  is 
denied,  there  are  appeal  processes  that  can  take  place,  with  ulti- 
mate resolution  residing  at  the  Supreme  Court  of  the  USA,  but 
rarely  do  issues  of  getting  a  patent  make  it  that  far  through  the 
process.  The  process  of  give  and  take  between  the  Applicant  and 
the  PTO  is  called  prosecution. 

The  inventor  can  play  a  substantial  role  in  prosecution  through 
informing  and  teaching  the  patent  attorney  of  the  correctness  of 
scientific  arguments  being  lodged,  and  providing  scientific  reasons 
why,  for  example,  something  asserted  as  anticipating  (making  the 
invention  not  novel)  is  in  fact  scientifically  different.  Often  the 
opportunity  may  arise  for  an  inventor,  or  getting  his  peers,  to 
sign  declarations  regarding  interpretation  or  scientific  opinion  as 
evidence  during  the  process.  These  affidavits  can  be  very  important 
in  the  ultimate  resolution  of  the  issues.  In  some  cases,  the  inventor 
or  others  in  support  of  the  application,  will  actually  perform  new 
experiments  to  show  that  a  particular  statement  in  a  patent  application 
or  claim  is  in  fact  correct.  The  results  of  these  experiments  can  be 
presented  as  evidence  during  the  process.  It  should  be  noted 
that  the  USA  is  much  more  liberal  than  the  rest  of  the  world  in 
these  regards. 


10   Concluding  Comments 

In  this  chapter  we  have  tried  to  provide  an  up-to-date  overview  in 
straightforward  language  of  commercial  development  of  a  patent- 
able discovery  for  biomedical  scientists.  The  information  provided 
pertains  largely  to  researchers  in  the  USA,  but  we  believe  that  the 
information  could  also  be  helpful  to  those  outside  of  the  USA. 
Though  in  the  context  of  this  excellent  book  on  wound  healing 
and  regeneration,  the  guide  we  provide  could  also  help  workers  in 
other  areas  of  scientific  endeavor  who  wish  to  navigate  the  often 
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confounding  interface  between  the  intellectual  property  law  and 
scientific  research.  Finally,  we  recognize  that  models  of  funding 
scientific  research  are  changing.  We  hope  that  this  chapter  provides 
an  understanding  of  the  how's,  what's,  who's,  and  why's  of  the 
patenting  processing — such  that  scientists  are  better  informed  to 
leverage  opportunities  for  resources  to  do  their  important  work. 
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Translational  Strategies  for  the  Development  of  a  Wound 
Healing  Technology  (Idea)  from  Bench  to  Bedside 

Gautam  S.  Ghatnekar  and  Tuan  A.  Elstrom 


Abstract 

This  chapter  will  outline  strategies  and  ideas  for  the  commercialization  a  promising  wound  healing  tech- 
nology discovered  in  an  academic  setting.  This  would  include,  but  not  limited  to  addressing  topics  such  as 
intellectual  property  protection,  funding,  technology  development,  and  regulatory  aspects  (i.e.,  navigating 
through  the  FDA). 

Key  words  Discovery,  Connexin  43,  ACT1  peptide,  Granexin™  gel,  Wound  healing,  Valley  of 
Death,  Bench-to-bedside,  Translational  research,  Invention  disclosure,  Intellectual  property, 
Technology  transfer,  Licensing,  Startup,  Spinoff,  Angel  Investors,  Venture  capital,  State  and  Federal 
Funding  Sources,  Technology  development,  Clinical  Program  Development,  Regulatory  strategy, 
Commercialization  strategy 


1  Introduction 


Talcing  a  discovery  from  basic  research  into  clinical  study  is  becoming 
increasingly  challenging  and  costly.  The  complexities  of  the  devel- 
opment process  may  represent  an  obstacle  towards  success  in  trans- 
lating science  into  treatments.  A  number  of  factors  can  impede  the 
progress  between  basic  science  and  clinical  medicine,  perhaps  most 
notably  a  lack  of  sufficient  financial  resources  to  support  early-stage 
investigation  and  the  challenges  involved  in  organizing  clinical  tri- 
als, often  referred  to  as  the  "Valley  of  Death."  However,  funding  is 
not  the  only  factor,  and  crossing  the  translational  gap  may  depend 
upon  successfully  managing  scientific  and  clinical  development, 
intellectual  property  (IP),  regulatory,  and  market  risk.  These  are 
the  majority  of  the  challenges  of  an  academic  entrepreneurial  ven- 
ture or  university  spinoff.  This  chapter  aims  to  outline  the  principal 
strategies  for  navigating  the  route  from  bench  to  bedside  by  exam- 
ining the  progress  to  date  in  the  clinical  development  of  Granexin™ 
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Gel,  a  topical  formulation  containing  a  novel  connexin-based  syn- 
thetic peptide  named  ACT1,  for  the  treatment  of  acute  surgical 
scars  and  chronic  wounds  such  as  diabetic  foot  ulcers  and  venous 
leg  ulcers.  The  motivation  is  to  identify  best-practices  to  address 
obstacles  and  facilitate  as  well  as  expedite  the  practical  application 
of  scientific  discoveries. 


2  The  Serendipitous  Discovery  of  the  ACT1  (Alpha  Carboxy  Terminus)  Peptide 

The  clinical  development  of  Granexin™  Gel  began  with  a  seren- 
dipitous discovery  of  the  potential  wound  healing  and  anti-scarring 
benefits  of  the  ACT1  peptide.  While  working  with  a  novel  bioen- 
gineered  peptide  based  on  a  carboxy-terminal  fragment  of  con- 
nexin  43  (Cx43)  ("dubbed  ACT1  peptide")  to  study  cell-cell 
communication  in  cardiac  conduction  system  development,  it  was 
discovered  that  the  ACT1  peptide  possesses  unique  properties  in 
modulating  intercellular  communication  and  contact  that  could 
help  with  wound  healing.  During  the  course  of  investigation,  the 
application  of  ACT1  peptide  to  fibroblast  cell  lines  in  a  scratch  test 
assay  resulted  in  the  inhibition  of  cell  migration,  an  unanticipated 
observation.  The  observation  spurred  further  in  vitro  and  in  vivo 
studies  that  elucidated  the  unique  regenerative  properties  of  the 
ACT1  peptide.  The  peptide  ACT1  is  a  small  synthetic  peptide 
(25-mer)  was  designed  to  mimic  the  C-terminus  of  the  transmem- 
brane protein  Cx43,  which  has  an  important  role  in  the  formation 
of  gap  junctions.  Scientific  studies  recently  expounded  the  central 
role  of  Cx43  in  multiple  aspects  of  wound  healing  including  the 
spread  of  injury  signals,  extravasation  of  immune  cells,  granulation 
tissue  formation  and  fibrosis.  It  is  now  known  that  the  ACT1  pep- 
tide possesses  a  unique  capability  to  switch  the  body's  own  healing 
response  from  inflammation  and  scarring  to  a  healthy  regenerative 
stage  [1-5].  Preclinical  studies  in  animal  wound  models  has  shown 
that  the  ACT1  peptide  stabilizes  gap  junctions  as  well  as  tight  junc- 
tions of  endothelial  cells  during  the  wound  healing  process  leading 
to  a  variety  of  beneficial  effects  including  increase  coordination  of 
cellular  communication,  dampened  inflammation  response,  reduc- 
tion in  the  infiltration  of  neutrophils,  and  reduction  in  the  prolif- 
eration of  fibroblasts.  The  remarkable  healing  properties  of  the 
ACT1  peptide  led  the  Medical  University  of  South  Carolina 
(MUSC)  to  file  patent  protection  for  its  composition  of  matter  and 
a  plethora  of  methods  of  use.  Dr.  Ghatnekar  proceeded  to  form  a 
spinoff  company  called  FirstString  Research,  co-founded  with 
Professor  Gourdie  of  MUSC,  to  commercialize  this  promising 
regenerative  (medicine)  healing  technology. 
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3  Translational  Research  Definition 

Translational  research  means  different  things  to  different  researchers 
and  clinicians  [6].  In  one  aspect,  the  term  refers  to  the  "bench-to- 
bedside"  endeavor  of  harnessing  basic  science  discoveries  to  pro- 
duce new  drugs,  devices,  and  treatment  options  for  patients.  For 
this  field  of  research,  the  primary  objective  is  the  development  and 
commercialization  of  a  promising  new  treatment  derived  from 
basic  science  that  can  be  used  clinically.  In  another  aspect,  transla- 
tional research  refers  to  translating  research  into  practice.  The 
product  of  a  new  drug,  an  end  point  for  "bench-to-bedside"  trans- 
lational research,  is  only  the  starting  point  for  this  second  area  of 
research  [6].  For  this  chapter,  the  translational  strategies  for  the 
development  of  Granexin™  Gel  as  a  product  have  the  former 
meaning,  generally  known  as  Tl,  a  term  referred  by  the  Institute 
of  Medicine's  Clinical  Research  Roundtable  for  translating  basic 
science  into  clinical  efficacy  data  [7-9].  The  latter  field  is  known  as 
T2  and  in  contrast  to  Tl  has  different  challenges.  From  the  authors' 
perspective,  Tl  challenges  for  the  commercialization  of  a  novel 
idea  include  science,  technology  transfer,  funding,  clinical  trials, 
regulatory  requirements,  and  meeting  the  unmet  needs  of  the  mar- 
ket place.  The  goal  of  translational  strategies  for  Tl  is  to  circum- 
navigate or  overcome  these  obstacles  and  expedite  the  clinical 
development  and  applications,  in  our  case,  of  the  ACT1  peptide. 

Since  2000,  the  Institute  of  Medicine  (IOM)  identified  transla- 
tional research  as  crucial  to  improving  the  health  of  the  nation. 
Through  a  series  of  Clinical  Research  Roundtable  meetings,  IOM 
defined  several  barriers  to  the  translation  of  discovery  to  patients. 
One  barrier  known  as  the  Tl  block  recognized  the  difficulties  of 
moving  a  laboratory  finding  into  treatments  for  patients.  The  T2 
block  referred  to  the  challenges  in  the  clinical  adoptions  newly 
approved  drugs  and  medical  devices.  Within  the  Tl  barrier  resides 
the  translational  gap  known  as  the  "Valley  of  Death."  The  "Valley 
of  Death"  refers  to  the  lack  of  funding  and  support  for  research  that 
can  transfer  basic  science  discoveries  into  clinical  diagnostics, 
devices,  drugs  or  treatment  options.  More  directly,  academic 
researchers  do  not  have  access  to  the  funding  needed  to  carry  out 
the  preclinical  and  early  clinical  development  to  demonstrate  poten- 
tial efficacy  in  humans.  In  addition  to  funding,  the  obstacles  of 
translational  research  may  include  solving  key  scientific  problems, 
securing  intellectual  property  (IP)  protection,  completing  clinical 
trials  successfully,  meeting  regulatory  requirements,  and  adequately 
addressing  commercial  market  expectations  [9].  These  obstacles 
require  the  diligent  management  of  the  resources  to  reduce  the 
associative  risks  with  the  objective  towards  creating  value  by  bring- 
ing treatment  options  to  patients,  providing  a  return  on  investment 


3.1   The  Obstacles 
of  T1  Translational 
Research 
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to  all  entrepreneurial  (i.e.,  risk-talcing)  parties  involved  whether  it 
be  financial  investors,  federal  government  (Ex.  Dept.  of  Health  and 
Human  Services),  philanthropic,  or  society  as  a  whole. 


4   Intellectual  Property  Strategy 

An  IP  strategy  for  a  university  spinoff  may  commence  with  a  key 
discovery  or  invention  created  in  a  laboratory  setting.  The  decision 
to  obtain  a  patent  is  based  on  the  understanding  of  how  the  protec- 
tion of  the  differentiated  aspect  of  the  discovery  or  invention  will 
enhance  the  ability  of  a  commercial  entity  to  achieve  its  goal.  For  a 
life  science  venture,  an  IP  strategy  is  vitally  important  as  a  catalyst 
for  initial  funding  and  for  building  long-term  value.  As  an  objective 
of  "bench-to-bedside",  intellectual  property  protection  conveys  a 
competitive  advantage,  especially  due  to  barriers  such  as  regulatory, 
the  need  for  capital-intensive  development  and  manufacturing,  and 
long  timelines  for  product  commercialization.  In  charting  a  course 
for  a  successful  spinoff,  the  academic  scientist  should  be  cognizant 
of  a  university's  policy  for  invention  disclosures  and  assignment  of 
ownership.  The  university  can  assert  ownership  rights  for  inven- 
tions or  ideas  generated  with  the  use  of  its  resources  (i.e.,  facilities, 
funds,  grants,  contracts,  etc.).  It  is  prudent  to  know  these  policies 
since  they  can  negatively  impact  the  technology  transfer  process, 
the  scientist's  relationship  with  the  university,  and  investor  percep- 
tions of  the  potential  of  a  startup  company. 

The  framework  for  developing  an  IP  strategy  comprises  key 
questions  to  be  answered  by  the  academic  research  inventor  and 
preferably  in  conjunction  with  a  university's  Technology  Transfer 
Office  (TTO)  or  an  office  that  performs  a  similar  function.  A  TTO 
will  work  with  the  inventor  to  make  an  initial  assessment  concern- 
ing patentability,  technical  feasibility,  and  commercial  potential  of 
the  invention  and  make  a  preliminary  judgment  about  the  poten- 
tial to  create  a  spinoff  (provided  that  the  academic  researcher  is 
interested  in  doing  so).  Is  the  discovery  or  invention  a  first  in  class 
invention  or  is  the  field  of  use  crowded?  This  is  usually  answered 
through  an  initial  search  of  the  USPTO  or  WIPO  database.  Ideally, 
a  prior  art  search  should  be  conducted  with  the  assistance  of  a  pat- 
ent attorney.  The  assumption  here  is  that  a  laboratory  discovery 
will  most  likely  be  a  new  molecular  entity,  novel  and  patentable, 
and  therefore  the  strategy  is  to  seek  protection  for  a  novel 
composition-of-matter  and  variants  as  well  as  seek  coverage  for  the 
relevant  fields-of-use.  The  academic  researcher  should  keep  in 
mind  of  the  large  financial  investment  required  to  apply  for  and  to 
maintain  granted  patents.  There  will  be  an  urge  to  throw  in  "the 
kitchen  sink"  when  drafting  and  submitting  a  patent  application. 
However,  there  should  be  a  balance  between  disclosing  every  pos- 
sible embodiment  and  methods-of-use  and  the  risk  of  tainting  the 
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ability  to  build  a  comprehensive  patent  portfolio  for  a  discovery 
that  might  turn  out  to  be  a  broad  technology  platform.  Therefore 
a  best-practice  IP  strategy  is  to  brainstorm  in  conjunction  with  a 
team,  preferably  with  members  having  commercial/industry  expe- 
rience in  life  sciences  or  biotech,  and  a  patent  counsel  highly 
knowledgeable  in  field  relating  to  the  discovery.  The  objective  is  to 
build  a  road  map  for  disclosing  and  filing  applications  that  will 
enable  the  spinoff  to  establish  a  solid  "picket  fence"  around  the 
technology  platform,  its  potential  use,  deter  competition,  extend 
the  time  frame  of  patent  protection,  and  build  a  source  of  revenue 
from  out-licensing  activities.  This  process  will  be  iterative  and 
evolve  overtime  as  the  spinoff  continues  to  build  and  grow  from  a 
preclinical  to  the  clinical  development  stage.  The  management  of 
the  IP  strategy  and  the  building  of  a  portfolio  are  critical  to  the 
value  creation  process  and  should  be  a  high  priority  for  a  spinoff. 

The  general  process  for  obtaining  IP  usually  starts  with  the 
submission  of  an  Invention  Disclosure  to  a  university's  TTO  by 
the  inventor(s).  The  TTO  will  generally  conduct  an  assessment  of 
the  invention's  technical  merit,  patentability,  and  commercial  appli- 
cations. Assuming  tiiat  the  disclosure  passes  these  hurdles,  a  patent 
counsel  drafts  a  patent  application,  and  depending  on  the  nature  of 
the  discovery  and  strengtii  of  the  supporting  data,  either  a  provi- 
sional application  or  a  regular  application  may  be  filed  with  the 
USPTO  and/or  foreign  agencies.  While  the  application  is  in  pros- 
ecution, the  Office  of  Technology  Management  or  TTO  may  begin 
marketing  the  IP  as  a  license  available  for  technology  transfer. 

In  discovery  of  the  ACT1  peptide,  the  primary  author  and  co- 
inventors  submitted  an  Invention  Disclosure  through  the  MUSC 
Foundation  for  Research  Development  (FRD).  FRD  proceeded 
through  a  vetting  process  that  led  to  a  decision  to  seek  patent  pro- 
tection for  the  invention.  Given  the  uncertain  development  of  the 
discovery,  the  Foundation  leveraged  the  filing  of  a  provisional 
application,  since  a  full  utility  application  takes  time  and  money. 
A  provisional  application  is  an  alternative  to  a  non-provisional, 
enabling  the  inventor  to  establish  a  filing  date  quicldy  and  cheaply 
but  no  patent  rights  are  granted.  This  is  particularly  important 
given  the  new  law  that  now  accepts  first-to-file  as  opposed  to  first- 
to-invent.  A  provisional  automatically  expires  after  1  year  but 
allows  time  for  the  inventor  to  gather  further  supporting  data  or 
make  improvements  on  the  invention  that  may  strengthen  the 
invention  disclosure  for  the  non -provisional  application.  However, 
there  are  pitfalls  that  should  be  avoided  in  the  use  of  a  provisional. 
These  pitfalls  include  describing  too  narrow  of  an  invention, 
unnecessary  admissions,  limiting  language,  embodiments  lacking 
sufficient  details,  disclosures  that  don't  meet  the  written  descrip- 
tion or  enablement  requirement.  The  use  of  a  provisional  is  ideal 
for  the  formative  stages  of  a  spinoff  or  even  for  an  early  stage  com- 
pany that  faces  multiple  constraints  and  allows  time  for  the 
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inventor  or  the  spinoff  to  make  a  decision  on  whether  or  not  to 
proceed  with  seeking  patent  protection. 

In  the  case  of  the  ACT1  peptide,  the  inventors  were  able  to 
take  advantage  of  the  1  year  period  and  the  Foundation  submitted 
a  Patent  Cooperation  Treaty  (PCT)  application.  The  PCT  enables 
coverage  in  internationally  and  allows  another  18  months  before 
the  patent  application  is  published.  This  allows  time  to  gather  evi- 
dence to  support  patent  claims. 


5  Technology  Transfer/Licensing  Strategy  for  Translational  Research 

Innovations  without  ties  to  economic  value  may  never  realize  their 
full  benefits.  For  this  reason,  a  common  practice  among  universi- 
ties is  to  provide  a  broad  array  of  commercialization  services 
through  the  TTO.  The  formation  of  a  commercial  venture  stem- 
ming from  a  laboratory  discovery  begins  with  a  technology  transfer 
process.  An  entrepreneurial  researcher  seeks  to  license  the  patent 
rights  to  a  technology  that  he  or  she  discovered  in  laboratories  of  a 
university.  A  TTO  plays  an  important  role  in  the  technology  trans- 
fer process  whereby  its  primary  drivers  are  to  translate  the  results  of 
research,  servicing  the  faculty,  and  facilitate  the  formation  of  a  spi- 
noff [10].  Most  TTOs  play  a  passive  role  while  some  actively 
engage  in  the  writing  of  a  business  plan,  assist  in  the  formation  of 
the  company,  sourcing  seed  funding,  recruiting  a  management 
team,  and  securing  a  first  round  of  venture  funding  [11]. 

A  key  strategy  is  to  avoid  negotiating  poor  patent  license  terms 
that  can  retard  the  commercialization  process  or  deter  investors 
from  investing  in  a  spinoff.  The  academic  researcher  who  intends 
to  form  a  startup  should  ideally  seek  an  exclusive  license,  preferably 
life-of-patent  exclusive  period,  in  conjunction  with  terms  that  are 
favorable  to  attract  investors.  The  licensing  agreement  should  con- 
tain at  a  minimum,  the  length  of  the  exclusivity,  the  field-of-use, 
any  improvement  on  the  invention(s),  assignment  provisions,  and 
financial  terms.  A  license  should  have  as  little  as  limitations  as  pos- 
sible. The  ability  to  assign  licensing  rights  is  important  in  order  not 
to  impede  potential  investment  and  exit  opportunities  for  the  spin- 
out.  The  TTOs  will  inevitably  charge  license  fees,  which  may  rep- 
resent a  significant  impediment  for  an  aspiring  academic 
entrepreneur.  In  this  case,  the  spinout  should  prefer  to  trade  equity 
for  cash,  ideally  kept  to  a  minimum  with  equity  ownership,  typi- 
cally low  single  digit,  and  subject  to  dilution  as  a  substitute.  There 
is  usually  an  annual  fee  that  may  start  low  and  then  increase  over 
time.  The  royalty  rate  should  be  targeted  at  an  industry  norm.  In 
some  circumstances,  the  spinout  must  also  license  from  others  to 
have  the  rights  needed  to  create  a  licensed  product,  and  should  be 
prepared  to  negotiate  for  a  reduction  in  the  royalty  rate.  The  TTO 
will  require  reimbursement  for  patent  cost  but  payments  can  be 
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delayed  until  certain  funding  levels  are  reached  for  the  spinout. 
In  addition,  the  licensing  agreement  may  contain  diligence  terms 
(reaching  specified  funding  level,  reaching  certain  sales  volume  by 
a  specific  time  frame)  intended  to  ensure  that  the  spinout  doesn't 
lose  its  viability,  and  subsequently  a  loss  for  the  university's  initial 
investment  [11]. 


6   Funding  Strategies  for  Translational  Research 

Investment  capital,  seed  and  early-stage,  is  often  a  major  hurdle  in 
the  ability  of  a  university  spinoff  or  startup  to  successfully  commer- 
cialize discoveries.  The  aspiring  academic  entrepreneur  will  find 
that  commercializing  their  own  discoveries  with  startup  funds  can 
be  a  daunting  task.  For  a  life  sciences  venture,  seed  funding 
obtained  from  friends  and  family  may  not  be  adequate  due  to  the 
capital  intensive  nature  of  the  industry.  The  entrepreneur  may  seek 
venture  capital  as  a  significant  source  of  fund.  However,  venture 
capitalists  have  fundamentally  shifted  to  financing  later  stage  bio- 
tech  and  medical  device  companies  [12-15].  Investors  are  becom- 
ing more  risk  adverse,  retreating  across  the  board  in  the  life 
sciences,  particularly  on  the  early  stage  side  [16-19].  The  shift  of 
the  venture  investor's  attitude  has  persisted  since  2000  due  to  a 
multitude  of  concerns  such  company  valuations,  the  long  time- 
lines, the  growing  costs  of  drug  development,  almost  insurmountable 
regulatory  requirements,  liquidity,  and  scarcity  of  exit  opportuni- 
ties, all  contributed  to  the  downturn  in  funding  [17,  20,  21]. 
A  pronounced  funding  gap  seems  likely  to  be  the  norm  for  discov- 
ery and  preclinical  development  programs  [8,21]. 

A  variety  of  funding  alternatives  to  venture  capital  can  help  to 
bridge  the  gap  for  early  stage  entrepreneurial  ventures.  They 
include  both  non-dilutive  and  dilutive  sources,  and  in  some  cases 
are  non-venture  models.  Each,  like  venture  capital,  has  certain 
advantages  and  disadvantages  [22].  Here  are  some  of  the  alterna- 
tives and  by  no  means  represents  a  comprehensive  list. 

The  most  favorable  sources  of  non-dilutive  funding  sources  are 
federal,  regional,  and  state-based  programs.  Two  popular  pro- 
grams are  the  Small  Business  Innovation  Research  (SBIR)  and  the 
Small  Business  Technology  Transfer  Program  (STTR).  SBIR/ 
STTR's  are  an  important  source  of  early-stage  funding  in  the  USA 
and  one  of  the  largest  examples  of  US  public-private  partnerships. 
Founded  in  1982,  SBIR  enables  small  businesses,  an  important 
source  of  new  ideas,  early  funding  to  develop  new  processes  and 
products,  and  to  provide  quality  research  in  support  of  the  many 
missions  of  the  US  government.  These  small  businesses  generally 
require  some  support  in  their  early  stages  for  translating  ideas  into 
innovative  products  and  services  for  the  market.  The  funding  by 


6.1  Non-dilutive 
Funding  Source 


574 


Gautam  S.  Ghatnekar  and  Tuan  A.  Elstrom 


the  federal  government  can  be  significant  even  in  comparison  to 
private  angel  investment  or  venture  capital.  In  2007,  SBIR  awards 
provided  over  $2.3  billion  in  research  and  seed  funding  to  the 
nation's  innovative  small  businesses.  Eleven  federal  agencies  are 
currently  required  to  set  aside  2.5  %  of  their  extramural  research 
and  development  budget  exclusively  for  SBIR  awards.  The  Small 
Business  Administration  (SBA)  coordinates  the  SBIR  program 
across  the  federal  government  and  is  charged  with  directing  its 
implementation  at  all  11  participating  agencies.  These  agencies 
identify  annually  various  R&D  topics,  representing  scientific  and 
technical  problems  requiring  innovative  solutions.  The  topics  are 
combined  together  into  individual  agency  "solicitations"  and 
announced  publically  on  Web  sites  like  www.grants.gov  as  requests 
for  SBIR  proposals  from  interested  small  businesses.  A  small  busi- 
ness can  identify  an  appropriate  topic  it  wants  to  pursue  from  these 
solicitations  and,  in  response,  propose  a  project  for  an  SBIR  award. 
At  NIH,  topics  are  treated  as  guidelines,  and  the  agency  does  fund 
projects  that  do  not  address  specific  topics  in  the  solicitation.  The 
SBA  administers  the  program  with  flexibility  since  the  format  for 
submitting  a  proposal  can  be  different  for  each  agency.  The  pro- 
posal selection  process  also  varies  and  generally  done  tiirough  peer 
review  by  experts  in  the  field.  These  experts  are  tasked  to  identify 
the  best  proposals  and  awards  contracts  or  grants  to  the  proposing 
small  businesses  based  specific  selection  criteria  [23]. 

The  SBIR  award  making  process  is  structured  in  three  phases 
(Phase  I,  II,  III)  at  all  agencies.  Phase  I  awards,  as  high  as  $100,000 
to  $150,000,  fund  feasibility  studies  which  requires  a  limited 
amount  of  research  aimed  at  establishing  an  idea's  scientific  and 
commercial  potential.  Phase  II  awards,  typically  about  $750,000 
but  can  be  over  $1  million,  fund  more  extensive  R&D  to  develop 
further  the  scientific  and  commercial  promise  of  research  ideas. 
During  Phase  III,  companies  do  not  receive  additional  funding 
from  the  SBIR  program.  Instead,  award  recipients  should  seek 
additional  funds  from  a  procurement  program  at  the  agency  that 
made  the  award,  from  private  investors,  or  from  the  capital  mar- 
kets. The  objective  of  this  phase  is  to  move  the  technology  from 
the  prototype  stage  to  the  marketplace  [24]. 

The  Federal  STTR  program,  modeled  after  the  SBIR  program, 
creates  a  public/private  partnership  for  joint  venture  opportunities 
between  small  businesses  and  nonprofit  research  institutions  such 
as  universities.  This  joint  partnership  opportunity  reduces  the  risk 
and  expense  required  for  R&D  that  can  be  challenging  for  a  start 
up.  In  addition,  high  tech  innovations  through  universities  and 
research  institutions  are  frequently  theoretical  and  not  practical. 
Many  aspects  and  requirements  of  the  STTR  are  similar  to  the 
SBIR  Program.  Maximum  award  amounts  and  project  timetables 
are  relatively  the  same.  A  contractual  agreement  is  required  to  be 
established  between  the  small  business  and  the  research  institution 


Commercial  Translation  of  a  Wound  Healing  Technology  575 

before  receiving  an  STTR  award.  The  agreement  addresses  facility 
access,  potential  conflict  of  interest,  and  intellectual  property  rights 
between  the  parties  to  permit  follow-on  research,  development,  or 
commercialization.  There  are  five  participating  federal  STTR  agen- 
cies; US  Dept  of  Defense,  Energy,  Health  and  Human  Services, 
NASA,  and  NSF.  There  are  important  differences  between  the 
SBIR  and  STTR  programs.  The  STTR  program  has  significantly 
less  funding  available  than  the  SBIR  program.  The  Phase  I  award 
period  for  STTR  is  usually  1  year  instead  of  6  months.  For  DOD, 
NIH,  and  NASA,  the  Principal  Investigator  may  be  primarily 
employed  by  the  partnering  research  institution  and  does  not  need 
to  be  an  employee  of  the  small  business.  In  an  STTR  project,  40  % 
of  the  work  must  be  done  in  house  for  Phase  I  and  Phase  II.  (For 
SBIR  projects  the  requirement  is  for  two-thirds  of  the  work  in 
house  in  Phase  I  and  one  half  for  work  in  Phase  II.)  The  nonprofit 
research  partner  must  do  at  least  30  %.  The  remaining  30  %  may  be 
done  by  either  party,  or  by  others  [25]. 

Regional  and  state  incentive  programs  are  also  available  for  fill- 
ing in  the  funding  gap.  For  example,  the  development  of  Granexin™ 
Gel  ( FirstS tring's  lead  product)  has  benefited  from  the  State  of 
South  Carolina's  Experimental  Program  to  Stimulate  Competitive 
Research  (EPSCoR)  and  Institutional  Development  Awards 
(IDeA).  These  are  federal-state  university  partnerships  designed  to 
increase  extramural  research  support  for  those  states  that  have  his- 
torically received  low  levels  of  federal  R&D  funds.  EPSCoR  IDeA 
Phase  0  awards  provide  a  modest  amount  of  seed  funding  to  enable 
companies  to  prepare  and  submit  proposals  for  Phase  I  SBIR 
grants.  The  Southeast  historically  has  limited  access  to  venture 
capital  relative  to  other  regions  like  the  Northeast  or  the  West 
Coast.  Several  regional  and  state  incentive  programs  have  been 
established  that  are  making  a  difference  for  the  life  sciences  com- 
munity. The  Georgia  Research  Alliance,  for  example,  offers 
Industry  Partner  awards  to  support  R&D  projects  conducted 
jointly  by  university  faculty  and  Georgia-based  companies.  There  is 
also  the  State  of  Georgia  Bioscience  Seed  Fund  that  invests  side- 
by-side  with  accredited  early-stage  investors  in  the  life  sciences 
based  in  Georgia.  North  Carolina  has  a  number  of  state  programs. 
The  NC  IDEA  program  targets  companies  needing  help  funding 
initial  product  and  business  plan  development  to  a  stage  where 
they  become  more  attractive  to  private  equity  investors.  Regionally 
Southeast  BIO  (SEBIO)  is  also  making  strides  to  increase  exposure 
and  funding  opportunities  for  the  earliest  life  sciences  companies. 
Across  the  country,  a  number  of  states  have  initiated  programs  in 
order  to  improve  the  entrepreneurial  climate  in  their  state  as  well 
as  for  their  long-term  economic  competitiveness.  For  example,  in 
2005,  the  Technology  Alliance,  a  statewide,  not-for-profit  organi- 
zation of  leaders  from  Washington's  diverse  technology-based 
businesses  and  research  institutions,  formed  a  volunteer  seed 


576        Gautam  S.  Ghatnekar  and  Tuan  A.  Elstrom 

funding  committee  that  combined  expertise  in  investment,  law, 
economic  development  and  technology  company  leadership  to 
explore  options  for  increasing  investment  directed  to  early  stage 
companies  in  Washington  State.  The  committee  compiled  a  report 
titled  "Investing  in  Our  Competitive  Future:  Approaches  to 
Increase  Early  Stage  Capital  in  Washington  State."  The  report 
contains  a  comprehensive  list  of  state  sponsored  programs  and 
funds  across  the  USA  [26]. 

In  addition  to  the  traditional  sources  of  funds,  friends  and  family, 
angel  investors  are  emerging  as  a  significant  source  of  funding  for 
early  stage  entrepreneurial  ventures  such  a  spinoff  or  startup.  The 
Security  Exchange  Commission  defines  an  accredited  investor  as 
any  natural  person  whose  individual  net  worth,  or  joint  net  worth 
with  that  person's  spouse  exceeds  $1,000,000,  or  any  natural  per- 
son who  had  an  individual  income  in  excess  of  $200,000  in  each  of 
the  two  most  recent  years  or  joint  income  with  that  person's  spouse 
in  excess  of  $300,000  in  each  of  those  years  and  has  a  reasonable 
expectation  of  reaching  the  same  income  level  in  the  current  year. 
The  amount  of  investment  capital  from  angel  investing  is  substan- 
tial. According  to  the  2010  Angel  Market  Analysis  Report  by  the 
Center  for  Venture  Research  at  the  University  of  New  Hampshire, 
angel  investors  were  increasingly  active  in  2010,  with  a  total  angel 
investments  increasing  up  14  %  to  $20.1  billion  from  $17.6  billion 
in  2009.  Healthcare  and  medical  devices  received  the  largest  share 
at  30  %  of  angel  funding  and  15  %  went  into  biotechnology  com- 
panies. Angels  have  reduced  their  investments  in  seed  and  startup 
capital,  with  31  %  participating,  down  4  %  from  2009.  They  showed 
more  interest  in  post-seeding  investing,  with  67  %  of  investments 
in  the  early  and  expansion  stage.  However,  as  more  exits  occur, 
more  angel  capital  will  be  available  to  plow  into  new  seed  invest- 
ments [27,  28].  This  is  somewhat  encouraging  for  spinoff  compa- 
nies seeking  to  climb  out  of  the  Valley  of  Death. 


7  Technology  Development 

The  development  of  a  new  drug  requires  a  significant  amount  of 
time,  resources,  and  capital.  The  development  cycle  can  extend 
from  12  to  15  years.  DiMasi  has  estimated  that  the  average  cost  per 
New  Molecular  Entity  (NME)  was  $802  million  in  2000  for  small 
molecules  [29]  and  $1.32  billion  in  2005  for  biologies  [30]. 
Diseases  with  unmet  needs  require  extensive  research  to  come  up 
with  a  potential  cure  as  well  as  the  supporting  science  to  under- 
stand and  validate  the  mechanism  of  action  for  a  new  NME.  The 
development  time  line  can  be  highly  variable  and  there  exist  signifi- 
cant uncertainty  in  the  development  process. 


6.2  Angel 
Investment 
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A  strategy  to  minimize  the  time,  resources,  and  working  capital 
is  to  leverage  external  organizations  that  have  the  infrastructure 
and  expertise  to  lower  technology  development  risks.  This  is  espe- 
cially prudent  for  a  university  spinoff  given  the  capital  constraint  at 
the  formative  phase.  These  organizations  may  provide  a  number  of 
services  for  technology  and  product  development  that  include 
chemical  synthesis,  scale  up  and  GMP  manufacturing  of  the  NME, 
assay  development,  preclinical  testing  for  safety  and  efficacy  with  in 
vitro  and/or  in  vivo  models,  clinical  trial  management,  and  regula- 
tory consulting.  Here  we  are  advocating  leveraging  a  new  model 
for  drug  discovery  and  development,  more  specifically  the  distrib- 
uted partnering  model.  This  model  focuses  on  advancing  "prod- 
ucts" by  combining  highly  specialized  organizations,  each 
contributing  their  expertise,  so  that  innovative  products  could  be 
developed  more  efficiently  [31]. 

In  the  development  of  Granexin™  Gel,  GMP  manufacturing 
of  the  ACT1  peptide  was  performed  by  a  qualified  peptide  manu- 
facturer capable  of  producing,  characterizing  the  purity,  monitor- 
ing degradants,  testing  stability,  and  documenting  all  processes 
within  a  Chemistry,  Manufacturing,  and  Control  (CMC)  docu- 
ment. The  topical  formulation  was  developed  by  a  leading  manu- 
facturer of  dermatology  products.  Preclinical  testing  services  were 
provided  by  a  vendor  knowledgeable  with  the  regulations  and 
regulatory  requirements  for  the  submission  of  an  Investigational 
New  Drug  (IND)  application.  Since  the  ACT  peptide  is  consid- 
ered as  a  drug  by  the  Food  and  Drug  Administration  (FDA),  the 
completion  of  a  battery  of  IND -enabled  preclinical  tests  was 
required  as  part  of  the  application. 

7.1    Preclinical  The  prerequisite  towards  talcing  basic  science  into  the  clinic  is  to 

Testing  and  adequately  address  the  regulatory  requirements  for  demonstrating 

Regulatory  Strategies  safety  and  efficacy.  The  most  expeditious  route  is  for  the  Sponsor 
(i.e.,  spinoff  company)  to  request  a  pre -IND  meeting  with  the 
appropriate  division  of  the  US  Food  and  Drug  Administration 
(FDA).  The  Center  for  Drug  Evaluation  and  Research  (CDER)  is 
generally  the  division  responsible  for  evaluating  new  drug  applica- 
tions. A  pre -IND  meeting  enables  an  exchange  between  the  com- 
pany and  CDER  in  the  overall  objectives  and  design  of  the  clinical 
study  protocol  and  the  agency's  perspective  on  the  necessary 
requirements  for  obtaining  approval.  A  pre -meeting  document 
containing  background  information  on  the  product  and  its  indica- 
tion of  use  as  well  as  any  questions  should  be  sent  to  the  agency  in 
advance  of  the  meeting.  This  document  should  contain  any  ques- 
tions relating  to  preclinical  testing,  safety  requirements,  primary 
and  secondary  efficacy  endpoints,  and  statistical  powering.  After  a 
meeting,  the  agency  will  send  a  letter  to  the  Sponsor  containing  a 
summary  of  the  meeting  discussion,  comments,  and  recommenda- 
tions from  the  agency  staff.   In  reviewing  the  letter,  it  is 
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best-practice  to  notify  FDA  of  any  significant  differences  in  the 
understanding  from  the  outcomes  of  the  meeting. 

In  the  development  of  the  ACT1  peptide,  Dr.  Gautam 
Ghatnekar  met  with  the  staff  of  CDER  in  the  Division  of 
Dermatology  and  Dental  Products  to  discuss  the  preclinical  and 
early  clinical  development  plans  for  Granexin™  Gel.  A  regulatory 
consultant  accompanied  the  author,  along  with  a  representative  of 
the  company  that  contract  manufactured  ACT1  peptide.  The  pre- 
IND  meeting  with  the  FDA  provided  invaluable  insight  into  the 
regulatory  process.  The  pre-IND  meeting  letter  received  from  the 
CDER  staff  contained  comments  on  CMC,  Pharmacology/ 
Toxicology,  Clinical  Pharmacology/Biopharmaceutics,  Clinical 
Study  Protocol,  Biostatistics,  and  Project  Management.  The  crux 
of  the  comments  centered  on  the  initial  intended  indications 
sought  for  Granexin™  Gel  at  the  time  of  the  meeting  and  the 
staff's  recommendations  on  the  necessary  testing  and  information 
required  for  the  IND  application.  FirstString  intended  to  develop 
Granexin™  Gel  as  a  treatment  for  the  mitigation  of  scarring  in 
acute  surgical  wounds.  However,  based  on  the  knowledge  gained 
to  date,  Granexin™  Gel  is  currently  being  evaluated  in  the  clinic 
for  treating  acute  as  well  as  chronic  wounds.  The  preclinical  testing 
plans  for  Granexin™  Gel  were  derived  from  the  pre-IND  meeting. 
For  the  submission  of  an  IND  application,  a  battery  of  IND- 
enabling  toxicity  studies  were  conducted  using  a  Contract  Research 
Organization  (CRO).  The  completion  of  these  studies  enabled 
FirstString  to  file  and  successfully  obtained  an  IND  approval  for 
conducting  clinical  trials  in  humans. 

These  strategies  differ  widely  between  products.  In  the  case  of 
ACT1,  classified  as  a  drug,  it  needed  to  go  through  at  least  three 
phases  of  clinical  development.  These  include  Phase  I,  which  pri- 
marily tests  for  safety  of  the  new  drug  candidate  and  clinical  for- 
mulation. Phase  I  is  typically  done  in  a  small  group  of  individuals. 
This  is  followed  by  a  Phase  II  clinical  trial.  The  Phase  II  is  a  much 
larger  trial  that  includes  safety  and  efficacy  testing  of  the  product. 
This  is  followed  by  a  Phase  III  clinical  trial  in  a  much  larger  group 
of  patients.  This  is  considered  a  pivotal  trial  and  needs  to  meet  its 
stated  goals  or  end  points  to  position  the  drug  product  for  FDA 
approval.  In  case  of  devices,  the  timeline  can  be  much  shorter  and 
less  stringent  in  many  cases.  There  are  cases  where  it  is  difficult  to 
determine  the  ideal  regulatory  environment  for  a  product.  In  this 
case,  the  company  can  go  through  a  process  of  Request  for 
Designation  (RFA)  from  the  FDA.  This  can  lead  to  the  product 
being  regulated  as  a  drug,  a  device,  a  biologic,  or  a  combination. 
It  is  important  to  have  someone  on  the  development  team  that 
understands  the  FDA  process.  A  good  regulatory  consultant  or 
employee  can  be  worth  their  weight  in  gold  and  can  ease  or  facili- 
tate clinical  development. 


7.2  Clinical  Program 
Development  and 
Regulatory  Strategies 
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7.3    Commer-  The  disparity  between  academic  research  and  the  objective  to 

cialization  Strategy  commercialize  a  product  is  often  a  cause  of  the  failure  to  translate 
a  discovery  into  marketable  products.  A  new  therapy  that  is  not 
marketable  won't  find  its  way  to  patients.  The  objective  of  a  com- 
mercial enterprise  is  to  develop  and  sell  products  that  will  address 
the  unmet  needs  of  the  market  place.  It  is  best-practice  to  develop 
a  product  that  has  market  "pull,"  meaning  that  there  is  a  customer 
willing  to  purchase  the  products  as  opposed  having  to  "push"  the 
product  to  the  customers.  In  general,  the  life  sciences  industry  is 
driven  by  finding  cures  for  a  variety  of  diseases.  Market  "pull"  is 
usually  the  norm  since  new  medicine  is  always  in  high  demand  for 
a  number  of  diseases.  However,  the  lack  of  a  marketing  strategy 
from  the  start  of  an  idea  can  hamper  the  commercialization  of  even 
the  most  attractive  discovery.  At  a  minimum,  the  management 
team  of  a  spinoff  should  have  a  strong  understanding  of  the  value 
chain  of  the  biopharmaceutical  industry  and  the  spinoff's  place 
within  this  value  chain.  This  understanding  is  paramount  to  the 
success  in  the  pursuit  of  product  commercialization.  The  develop- 
ment and  commercialization  of  a  new  molecular  entity  is  highly 
capital  intensive  and  time  consuming.  A  best-practice  for  an  early 
stage  spinoff  is  to  de-risk  the  novel  asset  by  advancing  the  new 
molecular  entity  through  proof-of-concept  in  humans  or  Phase  II 
clinical  trials.  The  successful  demonstration  of  proof-of-concept 
would  allow  the  early  stage  company  to  out-license  the  asset  to  a 
bigger  pharmaceutical  company,  to  advance  the  product  further 
towards  eventual  market  introduction.  Here  the  spinoff  serves  as 
an  entity  resembling  a  "Proof  of  Concept  Center"  which  is  a  newly 
emerging  type  of  organization  that  serves  to  facilitate  the  transfer 
of  university  innovations  into  commercial  applications  [32]. 
The  spinoff  generates  revenue  through  upfront  licensing  fees,  devel- 
opment funding,  milestone  payments,  and  royalty  on  product  sales. 

A  business  plan  is  paramount  towards  the  commercialization 
activities  of  a  new  therapeutic.  The  business  plan  should  include  a 
marketing  strategy  for  the  product.  The  marketing  strategy  enables 
the  understanding  of  the  market  potential  for  the  product,  invest- 
ment capital,  resources,  and  time  required  for  product  launch. 
A  key  element  for  the  marketing  plan  is  a  product  profile.  The  product 
profile  should  address  the  following  at  a  minimum:  the  target  indi- 
cation, the  target  patient  population,  competitive  positioning, 
product  pricing,  cost-of-goods,  and  reimbursement.  The  product 
profile  should  enable  the  development  of  a  financial  revenue  model 
that  can  be  built  using  spreadsheet  software  such  as  Microsoft 
Excel.  The  model  will  allow  various  scenario  analyses  to  be  gener- 
ated and  simple  calculation  of  Net  Present  Value  or  Risk-Adjusted 
Net  Present  Value.  These  calculations  can  be  valuable  for  establish- 
ing a  value  for  the  product  and  maybe  helpful  for  negotiating  a 
licensing  deal  towards  product  commercialization.  However  useful 
this  model  might  be,  market  condition  generally  dictates  the  dollar 
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size  and  the  types  of  partnerships  that  can  be  established  for  a 
university  spinoff.  The  best-practice  is  to  understand  and  establish 
the  size  of  the  market  opportunity,  the  attractiveness  of  the  prod- 
uct in  terms  of  meeting  market  unmet  needs,  conveying  the  mes- 
sage to  a  potential  commercialization  partner,  and  striking  a  deal 
that  will  be  a  win- win  for  all  parties. 
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